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Preface 

Though it is a pleasure to write a short foreword to this collection of excellent 
scientific papers covering a range of biological topics, the rather depressing 
feature is the small number of papers. All-electronic publishing is developing 
and your Editors do have great faith in it. One problem for potential authors 
has been the reluctance of the abstracting journals to pay any attention to 
electronic journals - perhaps Springer should make a rapid move in this area 
and start the first all-electronic journal abstracting this type of literature. 
However, even the paper citation journals are starting to pay attention to the 
medium. 

The particular advantages of all-electronic publishing are beginning to 
emerge more clearly and it is clear that publishing video material is a unique 
advantage of our format. 

Several papers took advantage of this - for example those by Riehle and 
others on cell behaviour in tunnels, by Bereiter-Hahn and Voss on zonation in 
the plasmalemma and by Pavlikova, Zicha, Chaloupkova and Vesely on cell 
motility of tumour cells. These papers made essential and extensive use of video 
material, publishing some material of great originality. The work on cell pola- 
rity and calcium ions in Fucus embryos by Brownlee, Manison and Anning 
used animation to present their results in an especially clear way. The facility 
of use of animation is another special advantage of our type of publication 
that should be more widely used. It is easy to see that several other areas of 
biology could make extensive use of EBO and publish studies on animal beha- 
viour and animal mechanics with unique video material. 

A still wider range of subjects should be using animation methods to pre- 
sent their results. Video material could even be included in the Materials and 
Methods sections of many papers to illustrate the particular procedures used. 
Indeed it should be used if the procedure is novel, difficult or complex. So we 
invite biologists to take advantage of these special facilities. 

We thank our Editorial Boards. During the next few months there will be 
changes in the composition of those boards as some come to the end of their 
three year period of service and as new members are recruited. 

I and my fellow Editors, Chris Bridges and Dale Sanders, would like to thank 
the staff of Springer and especially Mr Thomas Bastuck for their work in 
ensuring that EBO has been published correctly and expeditiously. We also 
thank our reviewers whose IT skills are kept perfectly honed by the need to 
read and view the material electronically. 

Adam Curtis 

Centre for Cell Engineering 
Joseph Black Building 
Glasgow University 
Tel 0141 330 5147 
Fax 0141 3303730 
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Effect of fasting and thermal acclimation 
on metabolism of juvenile axolotls 
{Ambystoma mexicanum) 

Louis N. Irwin^ • Karen A. Talentino^ • and Denise A. Caruso^ 
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Abstract. Juvenile axolotls were acclimated to i5°C or 25°C and either fed or 
fasted at both temperatures, to study the interaction of thermal acclimation 
and nutritional state on metabolism. Fasting but not thermal acclimation sig- 
nificantly increased oxygen consumption at i5°C. Fasting also increased the 
specific activities of two oxidative metabolic enzymes - citrate synthase and 
cytochrome oxidase - but not that of the glycolytic enzyme lactic dehydroge- 
nase. The specific activity of cytochrome oxidase was further stimulated by 
cold acclimation. Triglycerides and fatty acids were severely depleted in fasted 
animals, but thermal acclimation had no significant effect on lipid stores. This 
study illustrates: (1) the differential nature of various metabolic responses to 
fasting; and (2) the confounding interaction of the nutritional state on ther- 
mal acclimation experiments in an ectotherm. 

Key words. Ambystoma mexicanum • Axolotls • Citrate synthase • Cytochrome 
oxidase • Lactic dehydrogenase • Lipids • Metabolic rate • Nutrition • Thermal 
acclimation 

Introduction 

The Mexican axolotl, Ambystoma mexicanum^ is indigenous to the highland 
lakes of Mexico. Like many amphibian species, its population has significantly 
dwindled recently (Shaffer, 1989). While human impact probably accounts di- 
rectly for much of the decline (Gonzalez et ah, 1986), the role of natural factors 
can neither be excluded nor assessed without a detailed understanding of the 
physiological ecology of the species. 



Correspondence to: L.N. Irwin (e-mail: lirwin@utep.edu) 
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The ecosystems inhabited by axolotls occur in generally milder regions of 
North America, where seasonal fluctuations are not great. The aquatic lifestyle 
of the species further reduces the thermal range to which it is normally ex- 
posed. Yet the species is part of a large genus that ranges from arctic to tropi- 
cal habitats, and probably has evolved from ancestors subjected to greater 
thermal ranges (Smith, 1989). The influence of temperature on its energetic 
characteristics is thus of considerable theoretical interest in the study of the 
evolution of thermal adaptation. Axolotls have also become a favored organ- 
ism for many types of animal research, especially in developmental biology, 
and are widely maintained in the laboratory. Therefore, a better understand- 
ing of the energetics of this species during development has significant prac- 
tical value as well. 

Thermal acclimation of metabolic rates in salamanders has been studied 
extensively, and a variety of patterns have been demonstrated: compensation, 
inverse compensation, and lack of compensation have all been reported 
(Rome et al^ 1992). More empirical information is required to gain a better un- 
derstanding of the circumstances under which different adjustments to tem- 
perature occur. Nutritional state and metabolism are clearly among the factors 
that interact with thermal adaptation. Because nutritional state can affect 
metabolic rate (Feder et a/., 1984; Jobling, 1981), animals traditionally have 
been fasted during studies of thermal acclimation of metabolic rates. Wheth- 
er the results then reflect acclimation to temperature or to fasting is often un- 
certain. Therefore, the need for controlled experiments in which both thermal 
acclimation and nutritional state are systematically varied is evident. 

In this study, we have carried out an experiment to determine if thermal ac- 
climation alone, nutritional state alone, or an interaction between the two af- 
fects metabolism at the organismic level, as measured by resting oxygen con- 
sumption. We have further explored the biochemical basis for the observed 
changes in metabolism at the cellular level by analyzing glycolytic and oxida- 
tive enzyme activities, and the mobilization of lipid stores. To maximize the 
utility of these findings for the use of axolotls in developmental studies, juve- 
nile animals were used. We hypothesized that acclimation to cold and fasting 
would affect metabolism at both the organismic and cellular levels. Our results 
indicated, however, that nutritional state had a much greater impact than cold 
acclimation on metabolism over the short duration of this acute experiment. 

Materials and methods 

Animals, nutrition, and metabolic rates 

Juvenile axolotls weighing 4.4 ± 1.2 g (mean ± SD) were obtained from Caroli- 
na Biological Supply in November. Each animal’s oxygen consumption was 
measured at 20°C to determine empirically the relationship between baseline 
oxygen consumption and body weight. Animals were individually removed 
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from their home tanks and placed in a closed vessel for measurement of oxy- 
gen consumption. The dissolved oxygen content of the water was measured at 
the start and at the end of a 15-min period with an oxygen electrode coupled 
to a Cameron Dual-Channel oxygen meter. Animals were maintained at rest 
throughout the measurements, which were made near midday when they nor- 
mally showed some activity; thus our measurement of oxygen consumption 
corresponds most closely to an estimate of resting metabolic rate as defined 
by Gatten et al (1992). The data were fit to a non-linear regression equation by 
GraphPad Prism 2.0 to determine the exponent of body weight predictive of 
oxygen consumption. 

Each animal was then randomly assigned to an acclimation temperature 
(AT) of i5°C or 25°C for 3 weeks, based on preliminary data showing this to be 
the minimal time required for an apparent difference in oxygen consumption 
to develop in response to different diets. A duration as short as possible was 
chosen to minimize the effects of food deprivation. Half the axolotls (w=9) at 
each AT were fed individually twice weekly with three food pellets (six pellets 
per week), while the other half were fasted. All nine animals survived in each 
of the two cold acclimation groups, while eight survived in the fasted group 
acclimated to 25°C, and six survived in the fed group acclimated at 25°C. At the 
end of the acclimation period, oxygen consumption was measured for each 
animal at test temperatures of 15, 20, and 25°C, after which it was killed by de- 
capitation. Two sets of tissue samples from liver and tail muscle were collect- 
ed from each animal and either processed for enzyme analysis or frozen for 
later lipid extraction. 

Enzyme activity 

Fresh tissues were weighed and transferred to a Potter-Elvehjem homogeniza- 
tion tube to which 2.0 ml ice-cold 0.25 M sucrose in 100 mM potassium-phos- 
phate buffer (KPB) was added. For the first enzyme assay, that of cytochrome 
oxidase (COX), the pH was adjusted to pH 6.0 and a fresh preparation was 
used. Tissues were homogenized for 1-2 min to a uniform consistency, trans- 
ferred to a plastic centrifuge tube, and spun at 1000 g for 10 min to pellet a 
crude nuclear fraction which was discarded. Aliquots of the supernate were 
taken for analysis of COX activity, or frozen for subsequent analysis of citrate 
synthase (CS) and lactic dehydrogenase (LDH) activity. Assays were deter- 
mined by the method of Kleckner and Sidell (1985) for measuring maximal 
enzyme activities, using a Beckman single-beam spectrophotometer. 

The specific activity of LDH was determined at 2i°C by adding 50-ml 
aliquots of supernate containing enzyme to 0.65 ml imidazole buffer (76 mM, 
adjusted to pH 7.6) and 0.1 ml of 3.3 mM pyruvate. The reaction was started by 
adding 0.2 ml of 0.75 mM NADH. Change in absorbance at 340 nm was mea- 
sured over a 60-s period. 
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The specific activity of CS was determined on triplicate 50-ml aliquots of 
supernatant from the tissue homogenate added to 0.65 ml imidazole buffer 
(76 mM, adjusted to pH 7.6 at 15°C), 0.1 ml of 5,5’-dithiobis[2-nitrobenzoic ac- 
id] (DTNB, 1 mM), and 0.1 ml oxaloacetic acid (OAA, 2.5 mM) or water in al- 
ternate tubes. The reaction was started by adding 0.1 ml acetyl CoA (1.5 mM). 
Enzyme activity was based on the difference in change in absorbance with 
and without the addition of OAA over a 25-min period at 2i°C. 

The specific activity of COX in the supernatant from fresh tissue homoge- 
nate was measured. To a mixture consisting of 0.85 ml KPB (100 mM, pH 6.0) 
and 50 ml aliquot of supernate, was added 0.1 ml of 0.25 mM cytochrome-c in 
KPB (10 mM, pH 7.0) containing 1 mM ethylenediaminetetraacetic acid (ED- 
TA), reduced by sodium dithionite and prepared by gel sieving with Sephadex 
G-25 (Helmerhorst and Stokes, 1980), to start the reaction. Enzyme activity 
was calculated from the change in absorbance at 550 nm over 20 min at 2i°C. 

Lipid analysis 

Frozen tissue samples whose wet weights were 0.14 g or less were homoge- 
nized in 1.0 ml chloroform:methanol (2:1, v:v) for at least 1 min in a motor- 
driven Potter-Elvejehm apparatus for lipid extraction as described by Irwin 
and Schwarz (1983). A i-cm column of dry silica gel G in a Pasteur pipet 
plugged with glass wool was pre-rinsed with chloroformrmethanol (2:1). The 
total tissue homogenate was transferred to the silica gel column, then the elu- 
ate was collected and reapplied. The homogenization and collection tubes 
were both rinsed with chloroformimethanol (2:1, v:v) and added to the col- 
umn to give a total elution volume of ~ 2 ml. The eluate containing neutral and 
some acidic lipids was collected again. Aliquots corresponding to 1.5 mg liver 
or 6.0 mg muscle were dried down, resuspended in 20 |il chloroform;methanol 
(2:1, v:v), and spotted in 4-mm lanes 2 cm from the bottom edge of 10 cm x 20 
cm glass plates coated with 0.25 mm silica gel 60 (EM Science). The plates 
were developed for 15 min in hexane:ethyl etheriglacial acetic acid (70:30:1, 
v:v:v), dried, sprayed with concentrated sulfuric acid: water (1:1, v:v), and heat- 
ed to 130°C for 30 min. Spots corresponding to cholesterol, free fatty acids, 
triglycerides, and cholesterol esters were identified by co-migration with stan- 
dards, and quantified by video densitometry (Biomed Instruments, Fullerton, 
Calif., USA). The densitometric intensity of each lipid band on the chromatog- 
raphy plate reflects the relative concentration of that lipid in proportion to the 
other lipids in the sample, and allows comparison of each lipid between the 
fed and fasted groups. 
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Statistical analysis 

These experiments were designed to test the effects of both thermal acclima- 
tion and nutritional state, and their possible interaction. Thus data were first 
subjected to a two-way analysis of variance (ANOVA). If either independent 
variable was found not to have a significant effect, data for that variable were 
pooled and tested for a significant influence of the other variable by a t-test, or, 
if variances were found to be unequal, by the Mann- Whitney 17 - test. 



Results 



Effect of thermal acclimation and fasting on body mass and metabolic rate 



Over the 3 weeks of the experiment, fed animals gained weight, while fasted 
animals lost weight (Fig. 1). To compensate for possible changes in oxygen 
consumption attributable to changes in body mass alone, standard metabolic 
rates were established at the start of the experiment to determine empirically 
the relationship between oxygen consumption and body weight, since the re- 
lationship is known to be non-linear (Gatten et a/., 1992). Oxygen consump- 
tion was found to vary with body weight to the power 0.83 (Fig. 2) - a value 
very close to that typically found for urodeles (Gatten et a/., 1992). Subsequent 
calculations of resting oxygen consumption thus were corrected by weight in 
gO-83. 

The effects of both thermal acclimation and nutritional state on metabolic 
rate were measured at test temperatures corresponding to the two acclimation 
temperatures (i5°C and 25°C) and an intermediate temperature of 20°C. The 
results at the lowest and highest test temperatures are shown in Fig. 3. (Results 
at 20°C were comparable to those at 25°C.) At the lower test temperature of 
15°C, fasting resulted in a significant increase in resting oxygen consumption 
at both acclimation temperatures (F = 40.7, df - 1/22, P < 0.0001). At the high- 
er test temperature of 25°C, neither nutritional state nor thermal acclimation 
resulted in different values of resting oxygen consumption. 



Fig. 1 Body weights of axo- 
lotls (g, left axis) at start 
(IH) and end (iQ) of ex- 
periment on warm-accli- 
mated, fed (WF)y cold-accli- 
mated, fed (CF), warm-ac- 
climated, non-fed {WN) or 
cold-acclimated, non-fed 
(CN) animals. The change 
in body weight (% of start- 
ing weight, right axis) is 
shown (c^ ) for each 
group over the course of 
the experiment 
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Fig. 2 Oxygen consumption 
as a function of body 
weight, determined for all 
animals (« = 32) at 20C at 
the start of the experiment. 
The line shows the best fit 
for the data to the theoreti- 
cal relationship between 
oxygen consumption (y) 
and body weight (x) of^ = 
ax^ 




Fig. 3. Effect of thermal ac- 
climation and food intake 
on oxygen consumption. 
Axolotls were fed or fasted 
for 3 weeks during expo- 
sure to 25 or i5°C. Oxygen 
consumption was measured 
at the end of the experi- 
ment at 15 and 25°C. Bars 
represent means ± SEM for 
the number of animals in 
each group indicated across 
the top of the graph. (Sam- 
ple sizes are less than num- 
ber of survivors due to re- 
jection of a few faulty 
baseline oxygen read- 
ings)Effect of thermal accli- 
mation and fasting on met- 
abolic enzyme activity 




Fig. 4. Effect of nutritional 
state on lactic dehydroge- 
nase (LDH) and citrate syn- 
thase (CS) in liver and mus- 
cle of fed and fasted axo- 
lotls. The probability of dif- 
ferences in specific activity 
of CS between fed and fast- 
ed groups was determined 
by two tailed 17 - tests 




CS Specific Activity 
(mmoL/min/mg wet wt) 
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Effect of thermal acclimation and fasting on metabolic enzyme activity 

The specific activities of all three enzymes were first analyzed by two-way 
ANOVA to test for the effect of both nutritional state and cold acclimation. In 
neither liver nor muscle were LDH or CS affected by thermal acclimation; 
therefore, the data from cold- and warm-acclimated groups for these two en- 
zymes were combined to test the effect of fasting alone (Fig. 4). Since varianc- 
es were unequal between the pairs of data sets compared, significance was 
tested with the non-parametric [/-test. That analysis shows that fasting had no 
effect on LDH, but did result in elevated CS activity in both liver ([/ = 40, n = 
10, = 14, P = 0.034) and muscle ( [/ = 34> n = 10, = 12, P = .046). 

Because ANOVA revealed significant effects of both fasting and cold accli- 
mation on the activity of COX, the specific activities for this enzyme were 
plotted individually for the four treatment groups in muscle and liver (Fig. 5). 
The interaction between nutritional state and thermal acclimation is obvious 
for both liver (P = 14.99, df= 1/28, P = 0.0006) and muscle (P = 16.88, df = 1/28, 
P = 0.0003). In both tissues, significant increases in COX activity were restrict- 
ed to the cold- acclimated, fasted animals. 

Effect of thermal acclimation and fasting on lipid stores 

ANOVA revealed a significant effect of the nutritional state on lipid stores, but 
no effect of thermal acclimation and no interaction, in either liver or muscle. 
Therefore, data for the two thermal acclimation groups relating to all lipid 
fractions were pooled for comparing the effect of nutritional state. In liver 
(Fig. 6), fasting had no effect on cholesterol, but resulted in significant deple- 
tion of fatty acids (P<o.oo3), and triglycerides (P<o.ooi). 

Also in muscle (Fig. 7), fatty acids were significantly (P<0.05) depleted in 
fasted animals. Mean differences in triglyceride concentrations in the same di- 
rection were not significant (P<o.o8) because of a large variance in the data 
from the fed group. 

Discussion 

The mean resting oxygen consumption in resting juvenile axolotls ranged 
from 0.092 to 0.178 ml 0 ^ g'^ h S depending on experimental treatment. These 
values are similar to that reported for A. mexicanum by Lenfant et al, (1970), 
and higher than that reported by Gahlenbeck and Bartels (1970). They fall 
within the range reported for a number of different ambystomids (Burggren 
and Wood, 1981; Heath, 1976; Whitford and Hutchinson, 1965, 1967). 

Fasted animals had higher resting oxygen consumption values than those 
that were fed (Fig. 3) when tested at 15°C but not at 25°C. Some authors have 
suggested that starvation lowers metabolic rate (Merkle and Hanke, 1988), 
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Fig. 5. Effect of thermal ac- 
climation and nutritional 
state on cytochrome oxi- 
dase (COX) activity. Bars 
represent means ± SEM for 
n = 6-9 



Fig. 6. Relative concentra- 
tion of cholesterol (CH), 
free fatty acids (FA), trig- 
lycerides (TR), and choles- 
terol esters (CE) in liver tis- 
sue of fed and fasted axo- 
lotls. Bars represent means 
-h SEM in optical density 
units for « = 10 



Fig. 7. Relative concentra- 
tion of cholesterol (CH), 
free fatty acids (FA), trig- 
lycerides (TR), and choles- 
terol esters (CE) in muscle 
tissue of fed and fasted axo- 
lotls. Bars represent means 
-I- SEM in optical density 
units for n = io 
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while others have claimed that nutritional state has no effect (Fromm and 
Johnson, 1955). Our results suggest that fasting increases oxidative metabolism 
in axolotls at lower ambient temperatures. The absence of this difference at a 
higher test temperature (25°C) may explain the different results reported in 
the literature. Obviously care must be taken to use comparable test tempera- 
tures when comparing results across studies. 

The three enzyme activities measured in this experiment had three pat- 
terns of response. The activity of LDH, a glycolytic enzyme, did not respond to 
either cold acclimation or fasting. The specific activities of both CS (Fig. 4), an 
enzyme of the oxidative citric acid cycle, and COX (Fig. 5), an enzyme of the 
oxidative electron transport chain, were increased by fasting; though for COX 
but not CS, the activity was elevated specifically in cold-acclimated, fasted an- 
imals. The lack of a thermal acclimation effect on LDH confirms similar ob- 
servations made of other amphibians (De Costa et al, 1981; Feder, 1983; 
Tsugawa, 1980). While LDH activity is not a quantitative correlate of glycoly- 
sis, the absence of a fasting effect on the specific activity of this enzyme is con- 
sistent with the view that fasting does not involve changes in glycolytic metab- 
olism. On the other hand, the increase in specific activity of CS and of COX in 
fasted animals is consistent with the increased resting oxygen consumption 
values associated with chronic fasting (Fig. 3). Under the conditions of this ex- 
periment, it appears that the axolotls compensated for the lack of food intake 
by shifting to more efficient oxidative metabolism. 

The reason for the differential effect of cold acclimation on the two oxida- 
tive enzymes is unclear. COX but not CS appears to be particularly sensitive to 
cold acclimation under fasting conditions. Perhaps the 3-week duration of the 
experiment was too brief for a similar difference in CS to develop. Obviously, 
the effect of diet on enzyme activities is more temperature sensitive for some 
enzymes than for others. These results emphasize the fact that the activity of 
no single enzyme can be taken as a generic metabolic response to either diet 
or thermal acclimation. 

The dramatic depletion of fatty acids and triglycerides in the fasted ani- 
mals (Figs. 6 and 7) attests to the importance of these lipids for maintenance 
of metabolism when caloric intake is minimized. Much of the increase in rest- 
ing oxygen consumption thus may be a reflection of lipid oxidation for main- 
tenance. The lack of change in cholesterol presumably reflects the contribu- 
tion of cholesterol to stable membrane structures. More subtle changes in lip- 
id composition demonstrated in other studies of amphibians exposed to 
chronic cold (Feder and Gibbs, 1982; Irwin and Talentino, 1990) probably re- 
flect physicochemical adjustments at the cellular level unrelated to mainte- 
nance metabolism. 

Caution should be exercised when drawing conclusions from this study. To 
minimize the detrimental effects of fasting, the experimental period was re- 
stricted to only 3 weeks. This may have been insufficient time for the effects of 
thermal acclimation to develop. The study also focused on biochemical re- 
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sponses at the cellular level, so changes in the liver to body mass ratio (hepato- 
somatic index) were not considered. These changes may well affect the re- 
sponse of the whole animal in a way not reflected at the cellular level (Kent et 
al, 1988). Thus, while our results demonstrate that changes take place in en- 
zyme activities and lipid stores per unit of liver or muscle mass, irrespective of 
the response of the whole organ, a full understanding of the integrative re- 
sponse of the intact animal to thermal acclimation and nutritional state would 
have to take into account changes in total organ mass in relation to whole 
body mass. Finally, seasonal variations were not considered in this study. Axo- 
lotls in nature do not experience significant seasonal variations in tempera- 
ture, and the animals used in our study were laboratory bred from a commer- 
cial supplier, so seasonal fluctuations are less likely to be a confounding vari- 
able than in a captured wild temperate zone species such as the channel cat- 
fish, in which seasonal fluctuations have been shown to be a significant factor 
in acclimation (Seddon and Prosser, 1997). 

Attention has been drawn by others to the confounding effects of the nutri- 
tional state in thermal acclimation experiments (Baranska and Wlodawer, 
1969; Feder et al, 1984). Because of differences in the rate of digestion and the 
consequent differences in rates of energy metabolism at different tempera- 
tures (Feder et al, 1984), thermal acclimation experiments on amphibians 
have traditionally been conducted using fasting animals. Our results suggest 
that fasting itself has a more dramatic effect on metabolism than does thermal 
acclimation. And when the effect of thermal acclimation is observed, as in the 
activity of COX (Fig. 5), it is exacerbated by fasting. Our data illustrate how the 
apparent effect of thermal acclimation may well be an artifact of nutritional 
state, as cautioned by Feder et al (1984). 
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Abstract. The motile behaviour, growth and reactions of osteoblasts, 
chondrocytes, epitenal cells and endothelia to culture on extended concave 
surfaces inside tubes is reported. Time-lapse video observations show that 
these cells can be successfully grown in quartz tubes for up to 21 days. The cells 
would attach to the concave surfaces even when the radius of curvature was as 
low as 25 pm. The cells attached to the walls were not oriented. As culturing 
progressed the chondrocytes, osteoblasts and epitenon cells tended to detach 
from the walls of the tubes, forming long cords of cells attached to the walls at 
a few points only. Endothelial cells did not detach. These cords showed exten- 
sive lamellipodial activity at their points of attachment to the tube wall. The 
cells in these cords do not show contact inhibition of movement. 

Key words. Bone • Cell behaviour • Chondrocyte • Endothelia • Epitenon 

Introduction 

Various cell types in animal tissues live in tubes; for example, endothelia in 
blood vessels, synovial and epitenal cells in tendons and bone cells in osteons. 
In bone the osteoblasts form successive layers of aligned mineral and collagen 
in concentric circles with the youngest layer as the innermost one. After a pe- 
riod the tube is narrowed to the point at which further mineral deposition 
ceases - is control of this related to tube diameter and to the concavity of the 
surface? In endothelia the tubes enlarge by insertion of the enlarging cells and 
their daughters. Chondrocytes live in an avascular environment of which they 
are almost the sole architect. These cells are encapsulated in columns termed 
chondrons, which are surrounded by extracellular matrix. This is a constant, 
balanced environment for the chondrocyte which is relatively inaccessible to 
metabolites, the cells gaining nutrients only by diffusion (Von der Mark, 1986). 
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There are many reports (Selye et al, i960; Bobyn et al.y 1980; Eggli et ah, 
1997) on the reactions of cells to square section or V-section grooves, 
summarised by Chehroudi and Brunette {1995) and by Curtis and Wilkinson 
(1998), and to convex surfaces (e.g. Curtis and Varde, 1964; Dunn and Heath, 
1976) but few observations on the reactions of cells to concave surfaces have 
been made. There have been few studies of cell behaviour in tubes though the 
early work of Twitty and Niu (1954) and Dunn (1982) is noteworthy. 

The study of osteoblasts in tubes could provide information hitherto unat- 
tainable about the optimal implant coating dimensions for the orthopaedics 
industry. Work on the practical aspects of achieving good osseo-integration 
with metallic, ceramic or polymeric surfaces in prostheses has led to the sug- 
gestion that effective pore sizes for encouraging bone growth are in the range 
of 40 pm to 600 pm (Brunette, 1988; Gray et al, 1996). However, the opaque 
materials used in these studies on prostheses do not permit continuous obser- 
vation of osteoblast behaviour and mineralisation, nor can they examine the 
effect of a single pore size on the parameters, whilst the quartz tube system 
provides a precise topography and can be monitored continuously during cul- 
ture. 

We report on the behaviour of epitenal, endothelial, chondrocytic and os- 
teogenic cells in transparent quartz tubes using time-lapse video techniques 
to describe and analyse their behaviour and reaction to concave surfaces. It is 
hoped to publish other reports on mineralisation and cytoskeletal organisa- 
tion elsewhere, though light-microscope observations relevant to min- 
eralisation will be described here. 

Materials and methods 

Capillary tubes for culture 

The thin tubes (40-300 pm inner diameter) were drawn manually by 
W. McCormack (Glassblowing Workshop of the University of Glasgow), to 
whom we are much indebted, from fused quartz material and were optically 
isotropic. The wide tubes (inner diameter >700 pm). X-ray diffraction tubes 
(Muller, Berlin, Germany) were used without modification. The tubes were re- 
garded as being cleaned by the high temperature of fabrication and were 
sterilised by infusion of 70% ethanol followed by replacement of the ethanol 



Table 1. Tube dimensions 



Tubes 


Inner diameter 


Length 


Group A 


150-300 |im 


2-5 mm 


Group B 


700 pm 


0.5-2.3 cm 
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with distilled sterile water which in turn was allowed to evaporate under ster- 
ile conditions before filling the tubes with cells. All 700 pm tubes (Group B) 
were a gift from Neil Issacs ( W. Mueller, Germany) (Table 1). 

Cell culture 

Osteoblasts. Isolation of calvaria from neonate Sprague-Dawley rat pups was 
performed aseptically using a modified version of the protocol described by 
Hung et al (1995). The endosteum and periosteum were scraped from the 
frontal, parietal and occipital bones, which were chopped into 1- to 2-mm-long 
fragments, and were vortexed in Dulbeccois modified Eagleis digestion medi- 
um (DMEM, supplemented with 6 mM glutamine, 200 U/ml penicillin, 
200 pg/ml streptomycin, 5 pg/ml amphotericin B) until fragments appeared 
white. Five 20-min periods of digestion at 37 °C using collagenase (2 mg/ml. 
Type VIII or Type lA, Sigma, Poole, Dorset, UK) in DMEM digestion medium 
followed. The first cell population released was discarded. After each diges- 
tion, the supernatant was collected, culture medium (DMEM supplemented 
with 10% calf serum and 3 mM glutamine, 100 U/ml penicillin, 100 pg/ml 
streptomycin, 2.5 mg/ml amphotericin B) was added, and the suspension cen- 
trifuged. The sedimented cells were resuspended in culture medium and plat- 
ed into 75 cm^ culture flasks. Media was changed on day 1 after plating and ev- 
ery 48-72 h afterwards; at each media change fresh ascorbic acid (0.3 mM) was 
added. Either primary cells or cells no greater than passage III were used for 
experiments. Neither ascorbic acid nor | 3 -glycerophosphate was added to the 
medium once the cells were placed in the tubes except for the results reported 
in Table 2, where medium with 10 mM p-glycerophosphate and 0.3 mM ascor- 
bic acid was added on day 7 of culture and every 2 days thereafter. 

Chondrocytes. Isolation of chondrocytes from ovine metacarpal-phalangeal 
joints was performed aseptically according to the standard operating proce- 
dure of Smith and Nephew (York Science Park, York, UK). Cartilage was re- 
moved from the metacarpal-phalangeal joints and stored overnight at 37 °C in 
culture medium (DMEM supplemented with 10% fetal calf serum, 3 mM 
glutamine, 100 U/ml penicillin, 100 |ig/ml streptomycin, 2.5 mg/ml amphoteri- 
cin B and 67 U/ml of nystatin). The tissue was chopped into 1- to 4-mm-long 
fragments and washed three times with culture medium. The medium was re- 
moved and the cartilage was gently shaken in a solution of 1% Pronase (Sig- 
ma) in culture media for 1 h at 37 The Pronase solution was aspirated and any 
cells released at this stage were discarded. The cartilage was then placed in a 
solution of crude collagenase 300 U/ml (type lA, Sigma) in culture medium 
and gently shaken for 3 h at 37 °C until the cartilage was completely digested. 
The resulting cell suspension was passed through a 70-pm pore nylon cell 
strainer (Falcon, Becton Dickinson UK, Cowley, Oxford, UK). The filtrate was 
then transferred into centrifuge tubes and spun at 173 g for 5 min. The result- 
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ing pellet was washed 3 times and then resuspended in culture medium. The 
cells were plated in 75 cm^ culture flasks at a density of 50x103 cells/ml and 
50 |ig/ml ascorbic acid added to the medium. The cells were split fed every 
3 days with 50% fresh medium until they reached confluence. Cells were used 
for experiments up to the second passage. 

Endothelia. Cells of the human HGTFN capillary endothelial line isolated in 
this laboratory. This line is characterised by low-density lipoprotein (LDL) 
binding, factor VIII production, high levels of angiotensin-converting enzyme 
and Ulex europaeus lectin binding as well as „cobblestone“ morphology at 
confluency. 

Epitena. Rat epitenon cells were cultured by the methods described by 
Wojciak et al (1995). 

Culture in capillary tubes. The four types of cell were isolated from culture as 
single-cell suspensions by trypsinisation and resuspended in serum-contain- 
ing medium. They were seeded at high density (approximately 3x10^ cells/ml) 
by capillary action into two types of quartz tubes (Table 1). Cells in tubes and 
on control flat surfaces of fused silica were videotaped for extended periods. 
Cells were fixed and processed for fluorescence and polarised light micro- 
scopy techniques for various products (see below). 

Video time-lapse phase-contrast micrography 

Cell types were videotaped just after seeding for periods of up to 12 days at 
37 °C. Videos were recorded with 20x phase-contrast objective magnification 
using a COHU 4905 CCD camera or a Panasonic Neuvicon video camera un- 
der the lowest light level that would produce a good image. Images were re- 
corded on a Panasonic Model AG-6730 time-lapse video recorder at one frame 
per minute. 

Polarisation microscopy 

This was carried out using a Leitz polarisation microscope with strain-free 
optics and a iX plate when appropriate. 

Analysis 

All cell videos were imported into a Macintosh Power PC 7500/100 and 
analysed using the public domain NIH Image program (developed at the U.S. 
National Institutes of Health and available on the Internet at: http. 7 /rsb. 
info.nih.gov/nih-image/). 




Fig. 1. Epitenon cells in a quartz tube after 3 days. The cells have formed a long cord and 
individual cells are evident around this cord. Bar 200 pm 

Immunofluorescence staining of osteocalcin in bone cells 

Tubes were rinsed in phosphate-buffered saline (PBS) and fixed in buffered 
formalin 4% v/v for 1 h. Cells were rinsed in PBS and allowed to remain in PBS 
at 4 °C overnight. Cells were incubated in a 0.5% PBS solution of bovine albu- 
min (Sigma) for 20 min, stained with anti-human osteocalcin antibody (Bio- 
genesis) 1:25 for 1 h, rinsed 2-3 times with the 0.5% bovine albumin solution 
and incubated for 1-2 h with FITC-labelled anti-rabbit immunoglobulin 
(SAPU, Law Hospital Carluke-Lanarkshire, UK) 1:50. 

Confocal laser scanning microscopy 

Tubes with bone cells in them were examined for the presence of osteocalcin 
using an Odyssey Real Time Laser Scanning Microscope Model No. VSM-LSM 
(Noran Instruments, Milton Keynes, UK) equipped with an argon-ion laser, 
and the MetaMorph Imaging System (Universal Imaging). Settings used were 
488 nm excitation, a 0.5 pm aperture, a 15 pm slit, a 40X, NA 0.5, long- working- 
distance water-immersion objective and a 550 nm barrier filter. Proper con- 
trols for second antibody and autofluorescence were tested as well. 



Results 

General: applying to all cell types used 

Viability and division. The endothelia, chondrocytes and osteoblasts showed 
no evidence of cell death over periods of culture up to 17 days and divisions 
could be seen in the videos. This was the situation even in the tube centres 
which were at least 100-200 pm from the mouths of the tubes. Thus, diffusion 
of nutrients seemed adequate for all of the small-diameter tubes tested. In the 
very long, i.e. on the order of centimetres, larger diameter (700 pm) tubes 
there were small regions where cells were not found. In contrast to endothelia, 
chondrocytes and osteoblasts, most of the epitenal cells moved away from the 
centres of the tubes fairly rapidly to locate in the mouths of the tubes (i.e. the 
first 600-1000 pm or so from the ends). A few of these cells remained in situ 
in the middle and looked dead (Fig. 1). 







Fig. 2. Osteoblasts fixed 
after 7 days in culture in 
700 (im internal diameter 
quartz tubes. The bone cells 
have formed a nodule 
which is attached to the 
inner wall of the tube 
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Bone 1. Osteoblasts in 
150 jim tubes. The cells can 
be seen to form nodules 
which move within the 
tubes. The osteoblasts also 
form cords and individual 
cells can be seen to undergo 
crab-like movements 



Bone 2. Osteoblasts in 
300 |im tubes. Cord forma- 
tion can be seen as cells join 
together and these net- 
works move within the 
tubes 



Bone 3. Osteoblasts in 
700 \im tubes. The osteo- 
blasts have formed nodules. 
The two nodules are ini- 
tially joined, but separate 
and individual cells can be 
seen to detach from the 
nodules. Cells can also be 
seen to attach and spread, 
then detach and move 




Epitenon Epitenon cells in quartz tubes. 
The cords formed by the epitenon cells are 
less dense in comparison with other cell 
types. The cells detach and reattach to the 
tubes, but after several divisions there is lit- 
tle movement within the tube 



Chondrocyte Ovine chondrocytes in a 
quartz tube. The cells formed a cord struc- 
ture which is then seen to disintegrate into 
single cells, and undergo attachment and 
reattachment to the tubes. Finally, the 
chondrocyte cord moves out of the tube, 
240 pm internal diameter 
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Fig. 3. Osteoblasts fixed 
after 7 days in culture in a 
700 |im internal diameter 
quartz tube. The cells have 
formed a nodule which 
stretches across the entire 
width of the tube. Individ- 
ual cells with extended 
lamellipodia can be seen 
surrounding this cord of 
osteoblasts 




Morphology and behaviour. The behaviour of epitenon cells, chondrocytes 
and osteoblasts in tubular structures differs markedly from their behaviour 
on flat surfaces over the culture in three ways: 

In tubes 

1. Formation of cords and meshes or networks of cells spanning across the 
tube, (see Bone Movie 1, Bone Movie 2, Chondrocyte Movie, Fig. 2.) 

2. Cell motion 6 cells are constantly attaching and reattaching as individuals 
and as groups of cells (all Movies^). 

3. There is no evidence for contact inhibition of movement because the cells 
in the cord are multilayered. 

This differs from the situation on flat surfaces where cells are effectively 
monolayered and there is little movement once confluence is reached. 

Within a few hours of plating, cells stretched out and made contact with 
one another. The attachments formed span across the tube and along its 
length. Groups of cells associated into clumps and cords of cells which be- 
haved like a dynamic system, detaching and reattaching at various points 
along the tube during culture. Nodule-like structures began to appear after the 
first 24 h of seeding in the osteoblast cultures. These effects can be seen in 
Bone Movies 1 and 2 and in Figs. 2 and 3. 

Cord formation appears to be attained by a series of contractions of groups 
of cells and an excess of loss over re-establishment of adhesions to the walls. 
Where the cells contacted the walls very active pseudopodia could be seen in 
groups of 10-20 connected cells. These very active processes (see Bone Movie 
3) give the appearance of spider-like or crab-like motile behaviour. The cords 



*All the movies were originally shot at one frame per minute but have been edited down to 
every 20th frame. The scale can be appreciated from the internal diameters of the tubes 
quoted in the legends 
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Table 2. Nodule size and number in single tubes with cells cultured in the presence of 
( 3 -glycerophosphate and ascorbic acid added at day 5 of culture. Fixed at day 12. Note 
denotes tube with flared end approximately 1.5 mm wide. All nodules presented were 
found in 700-mm-wide end. The nodule number refers to the number of samples in calcu- 
lating the standard deviation 



Tube length 
(cm) 


Nodule 

number 


Nodule length SD 
(jun) 


Nodule width 
(urn) 


SD 


0.6 


1 


158 


- 


74 


- 


1.2 


3 


280 


57 


135 


82 


1.2 


5 


198 


166 


85 


24 


2 ,$^ 


12 


124 


59 


95 


31 



are appreciably more than one cell thick in each dimension so it can be con- 
cluded that contact inhibition of movement is lacking. 

In tube cultures of osteoblasts and chondrocytes, viable cells were connec- 
ted to each other and the cord structures extended over the length of the tube. 
Epitenal cells formed less densely structured networks (see Epitenon Movie). 
Movement took place in the cords or networks and this was co-ordinated per- 
haps by the interplay of mechanical forces. Osteoblast cords were very persis- 
tent and were not seen to pull apart. Frequently, chondrocyte cords did pull 
apart, but were re-formed rapidly (see Chondrocyte Movie). Epitenal cords 
did not re-form after breaking apart. 

The reaction of the cells to the tubular environment seemed to be governed 
by the diameter and length of the tube. In the smaller diameter tubes, i.e. 
150 pm, cells formed cords that attached to each other and ran along the entire 
length of the tube for as long as 5 mm. However, there is no evidence for any 
orientation on the tube walls of any of the cell types that we used, unlike the 
situation on convex surfaces (Curtis and Varde, 1964). 

Observations specific to cell type 

Osteoblasts, Formation of nodule-like structures (see Figs. 2 and 3) resembling 
those found in confluent flat cell cultures of osteoblasts took place. These nod- 
ules were more frequent per unit length as tube length increased (see Table 2). 
Linear regression analysis of this small sample showed that the regression was 
significant at the 2% level. Cells remained viable in equivalent tubes for as 
long as 30 days and, in some cases, filled the tube with cells and extracellular 
matrix. 

Polarisation microscopy of bone cells 

The extracellular matrix production appeared to be enhanced by the tubular 
environment. Examination under phase-contrast microscopy and polarised 
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Fig. 4. Osteoblasts in a 280 
micron wide and 2.3 cm 
long tube, fixed after 18 
days and stained for 
osteocalcin. Note the nod- 
ules formed along the 
streak and the highly 
stained particles along the 
inner wall of the tube. Con- 
focal laser scanning image 
at 40X 





Fig. 5. Osteocalcin staining 
of an osteoblast cell cord 
spanning across a tube of 
700 |im internal diameter. 
Cells were fixed at 12 days of 
culture. Note the small frag- 
ments of material along the 
edge of the cord. Confocal 
laser scanning image (origi- 
nal magnification 40 x) 



Fig. 6. HGTFN endothelial 
cells grown in a 280 micron 
wide quartz tube were fixed 
after 4 days in culture and 
stained for F-actin. 

The image is a maximum 
projection of a stack of 65 
confocal images covering a 
total z-distance of 65 pm 



Fig. 7. Derived from Fig. 6. 
The image is a topograph- 
ical one derived from the 
stack of confocal images by 
finding the brightest pixel at 
each location, and encoding 
it with a value that repre- 
sents the z-position. There- 
fore, the intensity of the im- 
age represents height, with 
brightest being the highest 
and darkest the lowest. The 
image shows that the cells 
are in the same focus as the 
inner side of the tube and 
that these cells spread on 
the inner side of the tube 



Fig. 8. HGTFN cells on flat quartz surfaces after 4 days of 
culture. Cells are stained for F-actin. The cells have formed 
a flat sheet with no obvious actin organisation. Also, less 
actin appears to be present than was seen with the 
endothelial cells in the quartz tubes. Same scale as in Fig. 6 
and Fig. 7 
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light revealed that some clumps of cells are similar in morphology to nodules 
formed in vitro (Escarot-Charrier et a/., 1988; Aronow et a/., 1990). Birefrin- 
gent particles, most likely a form of hydroxyapatite, were seen in these clumps. 

Osteocalcin staining 

Osteoblasts in tubes stained positively for osteocalcin (Figs. 4 and 5). The sec- 
ondary antibody and autofluorescence controls were negative. Small frag- 
ments of material were observed along some cords and these stained heavily 
for osteocalcin, suggesting that this protein might be adsorbed to mineral pro- 
duced by the cells. In addition, small particles lining the inside of the tube 
stained brightly for osteocalcin. 

Endothelia 

Endothelia did not form cords but remained attached to the tube walls and 
slowly formed very flattened monolayers on the walls, with some degree of cell 
movement. The cells conformed well to the walls, see Figs. 6 and 7. The cells 
were more rounded than on flat surfaces (Fig. 8). 



Discussion 

General observations 

Our data show that this type of culture system is not damaging to the epitenal 
cells, osteoblasts, chondrocytes or endothelia. However, the behaviour of os- 
teoblasts and chondrocytes is changed markedly from that seen on planar cul- 
ture dishes. It is arguable that the tube provides a culture system much more 
akin to the natural environment for endothelia, osteoblasts and chondrocytes 
because the environment is concave in cross-section and the supply of nutri- 
ents is restricted as it is naturally for these cells. 

It is noteworthy that osteoblasts, chondrocytes or endothelia survive and 
divide in this form of culture for long periods and appear to maintain their 
differentiation even though it would be expected that nutrition and removal 
of waste products would be poor in the tubes. On the other hand, concentra- 
tions of autocrine factors would be expected to be higher than would be found 
in conventional culture systems. No external autocrine factors were added to 
the cultures, except transferrin for the endothelial cells. 

Though accurate determination of cell cycle times in these tube cultures 
will be difficult it is clear that the cells undergo division, partly because some 
divisions can be seen in the videos and partly because cell number increases 
greatly. It should be noted that these remarks do not apply to all cell types be- 
cause attempts to culture macrophages or fibroblasts in this type of culture 
system led to rapid cell death. 
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The movies give the viewer the impression that cell movements are co- 
ordinated when the cord structures form but this co-ordination may be noth- 
ing more than the interplay of mechanical forces balancing out. However, it is 
noteworthy that in osteoblast cultures mechanical forces acting on the cords 
and perhaps generated internally rarely break a cord and the same is true to a 
slightly lesser extent with chondrocytes. The environment appears to be effec- 
tive for the maintenance or even promotion of the differentiated state for os- 
teoblasts because mineralisation took place under conditions where it would 
be unlikely to occur in planar culture. The chondrocytes also appeared to 
maintain their particular morphology well in the tube cultures. 

Specific cell types: osteoblasts 

The behavioural differences of osteoblasts in tubes versus flat surfaces can be 
partially explained by the cellular condensation/microenvironment mecha- 
nism proposed in several papers by Chehroudi and Brunette (Brunette et a/., 
1991; Chehroudi et a/., 1992; Qu et ah, 1996; Chehroudi et al, 1997). These au- 
thors performed several studies to look at the influence of pitted surfaces on 
bone formation. Brunette et al (1991) studied pits with outer surface dimen- 
sions of 100 pm X 100 pm with walls tapering to an angle of 55 ° to the surface 
and an overall depth of 120 pm. Although they were unable to draw definite 
conclusions, preliminary work suggested that smaller, mineralised nodules 
appeared more frequently inside the pits. Chehroudi et al (1992) examined 
larger square pits with 270-pm-long sides. The results of in vivo experiments 
with implants placed in the parietal region of rats revealed mineralisation on 
some pitted surfaces after 8 weeks whereas no mineralisation was observed 
next to smooth surfaces. In vitro experiments revealed the presence of some 
large (> 10 pm) nodules on pitted surfaces. Only small (0.5-3 l^ni) nodules 
were found on smooth culture surfaces. The authors concluded that the envi- 
ronment created by the topography of their implants positively influenced 
bone formation both in vivo and in vitro. 

Qu et al (1996) looked at pits with dimensions of 175 pm x 175 pm tapered 
at 125 ° to 100 pm in depth. The authors suggest that the restricted environ- 
ment created by the pits may enhance bone formation by establishing a 
localised region rich in cytokines and extracellular matrix factors. Chehroudi 
et al (1997) suggest that the geometry of their pits, ranging from 3 to 120 pm 
in depth and tapered at an angle of 125° to the surface, created an environment 
of increased cell density with little diffusion of regulatory molecules and lim- 
ited proliferation. The constraint on growth of cells in high-density environ- 
ments has been linked to differentiation of various cell types (Boyan et al, 
1996). He hypothesises that the curvature of these pits may provide the opti- 
mum tension and compression for the cellis mechanoreceptors. Thus, there is 
already evidence in the literature for the osteoinductive potential of a 
localised environment such as pits in an otherwise planar surface. We now add 




24 



evidence that tube culture that naturally resembles the situation in osteons 
enhances the maintenance and operation of the osteogenic state. 

Further support for the creation of a bone-inductive environment by tun- 
nel topography comes from the use of antibodies against osteocalcin. 
Osteocalcin is a late differentiation marker, appears concomitantly with 
mineralisation, and has a role in mineral deposition and crystal growth 
(Gundberg et a/., 1984; Robey, 1989; Aubin et a/., 1995). When cells in tubes 
were examined for osteocalcin using confocal scanning laser microscopy, 
small globules lining the cords and tiny particles lining the tube interior 
stained heavily. This indicates that the cells in the tubes produce extracellular 
matrix. Furthermore, given the known binding affinity between hydroxyapa- 
tite and osteocalcin, it seems to suggest that the cells are producing small par- 
ticles of hydroxyapatite. 

Conclusions 

All cell types responded in slightly different ways to the extended concave sur- 
faces. Epitenal cells lived rather poorly in our tubes and tended to migrate to 
the ends of the tubes during cell culture, indicating a strong preference for 
normal cell culture conditions. Endothelia showed a morphology and 
behaviour similar to that seen in planar cultures. 

Osteoblasts and chondrocytes, on the other hand, responded differently to 
tubular environments when compared to their behaviour on flat surfaces dur- 
ing similar time frames (2-21 days) and to all other cell types tested. Cells 
formed aggregates including cords that spanned across the tube and nodule- 
like structures within the osteoblast cord. Constant reattachment and move- 
ment of cell cords as a unit were also characteristic behaviour. 

The tubular environment appeared to influence extracellular matrix pro- 
duction by osteoblasts in particular. Despite the lack of ascorbic acid and 
P-glycerophosphate in the majority of our cultures when the cells were in the 
tubes, components normally necessary for the production of mineralised tis- 
sue in vitroy osteoblasts appeared to form nodule-like structures similar in 
morphological appearance to nodules formed by confluent cell layers. Prelim- 
inary examination of these structures by polarised light microscopy con- 
firmed the presence of some birefringent particles in these nodules. In addi- 
tion, osteocalcin staining revealed globules produced along the cells cords and 
suggested that the inner wall of the tube was coated by small mineralised par- 
ticles. In conclusion, more work is necessary to confirm the effect of the tubu- 
lar environment on extracellular matrix production by rat osteoblasts. 

Clearly this type of culture has great potential for further investigation and 
possible applications in cell engineering. It may give us an insight into the 
behaviour of cells not seen in monolayer culture due to the artificial condi- 
tions of such a situation. Chondrocytes and osteoblasts clearly respond to the 
tube environment and further investigation of their response to this environ- 
ment could ultimately help tissue repair in vivo. 
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Abstract. A suite of muscarinic receptor blockers was used to characterize the 
receptor(s) mediating the contractile effect of acetylcholine (ACh) on isolated 
rings of ventral aorta from the dogfish shark, Squalus acanthias. The 
specific inhibitor AT,N’-bfs(6-{[(2-methoxyphenyl) methyl] amino}hexyl)-i,8- 
octane diamine tetrahydrochloride (methoctramine) did not reduce the effi- 
cacy of ACh, and the M3-specific inhibitor 4-diphenylacetoxy-AT-methyl- 
piperidine methiodide (4-DAMP) displaced the ACh concentration-response 
curve to the right at much lower concentrations than the M^-specific inhibitor 
(5 - 11 - dihydro - 11 - [4 - methyl - 1 - piperazinyl) acetyl] - 6H- pyrido [2,3-b] 
[1,4] benzodiazepin - 6 - one dihydrochloride) (pirenzepine). It appears, there- 
fore, that an M3-type muscarinic receptor is expressed in the aortic vascular 
smooth muscle of the dogfish shark. 

Keywords. Dogfish • Shark • Muscarinic receptor • Squalus acanthias 
Vascular smooth muscle • Ventral aorta 

Introduction 

The smooth muscle of fish blood vessels responds to acetylcholine (ACh) by 
contraction, producing an increase in tension in isolated vascular tissue (e.g.. 
Small et a/., 1990; Olson and Villa, 1991; Miller and Vanhoutte, 1992; Farrell and 
Johansen, 1995; Evans and Gunderson, 1998) or hypertension in intact animals 
(e.g., Chan and Chow, 1976; Farrell, 1981; Lipke et ah, 1990). The contractile re- 
sponse is found even in the presence of an intact endothelium (e.g., Olson and 
Villa, 1991; Miller and Vanhoutte, 1992; Evans and Gunderson, 1998), which 
suggests that, contrary to those in mammals (e.g., Furchgott and Zawadzki, 
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ipSo; Griffith et aly 1984), fish vascular endothelial cells do not express ACh re- 
ceptors coupled to an endothelium-derived relaxing factor (EDRF) system. 

Despite contractile responses to ACh, it is not clear if there is cholinergic 
innervation of teleost systemic vasculature (Nilsson, 1983), but the branchial 
vasculature of at least the cod {Gadus morhua) has cholinergic nerves con- 
nected to the efferent filamental artery (Nilsson and Pettersson, 1981). There 
does not appear to be any cholinergic innervation of either the systemic or the 
branchial vasculature in the elasmobranchs (Nilsson, 1983; Metcalfe and But- 
ler, 1984; Morris and Nilsson, 1994), although at least two studies have demon- 
strated the sensitivity of shark vessels (coronary artery and ventral aorta) to 
ACh (Farrell and Johansen, 1995; Evans and Gunderson, 1998). 

Five unique muscarinic receptors (termed M^-M^) have been identified in 
functional or pharmacological studies of a variety of mammalian smooth 
muscle types, and a similar number of receptors have now been cloned 
(termed mi-m5; e.g., Hulme et aly 1990; Caulfield, 1993; Eglen et aly 1996; 
Ehlert et aly 1997). ACh-induced dilation of mammalian vascular smooth 
muscle [mediated by endothelial receptors that stimulate the production of 
nitric oxide (NO)] is generally via the M3 receptor; extant data support the 
possible involvement of M^-M^ receptors in contractile responses, but the M3 
receptor is most often implicated (e.g., Caulfield, 1993; Eglen et aly 1996; Norel 
et a/., 1996). 

Since we have found that the isolated vascular ring from the shark Squalus 
acanthias ventral aorta contracts when ACh is applied whether the endotheli- 
um is present or not (Evans and Gunderson, 1998), the current study was un- 
dertaken to characterize the type(s) of muscarinic receptor(s) expressed by 
the aortic vascular smooth muscle of this species. 

Materials and methods 

The collection and maintenance of S. acanthiaSy preparation and mounting of 
aortic rings, and recording of vascular tension have been described previous- 
ly (Evans and Weingarten, 1990; Evans et aly 1996). The lumen of the ring was 
rubbed gently with a roughened polyethylene tube (PE 90) to remove the inti- 
mal endothelial cells before mounting, and the rings were stabilized at 500 mg 
tension (4.91 mN) before each experiment. Tension was recorded via Gould- 
Statham strain transducers, whose output was recorded either by a Gilson 
Duograph or a Biopac MPiooWS System, using AcqKnowledge III software, 
connected to a Macintosh Powerbook Model 140. The control ACh concentra- 
tion-response curve was generated by the cumulative addition of ACh in dis- 
tilled water to the experimental bath of elasmobranch Ringeris. The efficacy of 
putative muscarinic receptor antagonists was determined by generating ACh 
concentration-response curves in the presence of increasing concentrations of 
antagonist. In all protocols, including the initial ACh experiment, the rings 
were first exposed to iO "4 M ACh to ensure that the tissue was responsive, and 
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Fig. 1. Acetylcholine con- 
centration-response curve 
of isolated aortic rings 
from the ventral aorta of 
the shark Squalus aca- 
nthias. The rings were free 
of endothelium. Data are 
mean ± SEM, n=4 




because preliminary experiments demonstrated that this initial treatment 
maximized subsequent responses to ACh. The rings were then washed three 
times with elasmobranch Ringen's and allowed to re-stabilize before subse- 
quent addition of either ACh or antagonist. 

The muscarinic receptor antagonists pirenzepine (5-ii-dihydro-ii-[4-me- 
thyl-l-piperazinyl)acetyl]-6H-pyrido[2,3-b][i,4]benzodiazepin-6-one 
dihydrochloride), methoctramine [N,N’-bfs(6-{[(2-methoxyphenyl) methyl] 
aminojhexyl)-!, 8-octane diamine tetrahydrochloride], and 4-DAMP (4- 
diphenylacetoxy-N-methylpiperidine methiodide) (Research Biochemicals 
International) were dissolved in distilled water to a concentration of lO"^ to 
lO’^M and then diluted in the 10-ml experimental bath to the desired concen- 
tration. None of the putative receptor antagonists reduced the final response 
to iO "4 M ACh (p>0.05), indicating that the effects were competitive (e.g., Bow- 
man and Rand, 1980). 

All data are presented as mean ± SE (n). The EC50 for the ACh-mediated 
contraction was computed from nonlinear regression of the concentration-re- 
sponse curve. Regression and statistical analyses were carried out using either 
Cricket Graph (1.3; Cricket Software) or Prism (2.0; GraphPad Software). 

Results and discussion 

Acetylcholine produced a concentration-dependent contraction of the isolat- 
ed aortic ring from the ventral aorta of S. acanthias (Fig. 1) with an EC50 of 
1.25x10 7 M, slightly (and significantly, p=o.oi4) greater than that found for 
this species in another series of experiments (7.85x10-® M; Evans and 
Gunderson, 1998). 

Transformation of the data (between 3x10 ® and io“^ M) to a Hill Plot 
(Fig. 2; Bowman and Rand, 1980) generated a slope (apparent ligand/receptor) 
of 0.829 (r^=i.oo), which suggests that a single receptor mediates the response 
to ACh, although we cannot rule out two receptors. 
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Fig. 2. Hill plot of ACh con- 
centration-response curve 
data.„x“ is the % Sat/ioo at 
a given ACh concentration 




Fig. 3. The effect of 
pirenzepine on the ACh 
concentration-response 
curve. n= 4 s 
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The Mi-selective antagonist pirenzepine (Hammer et a/., 1980; Eglen et aly 
1996) produced a rightward-shift in the ACh concentration-response curve 
(Fig. 3) but only at moderately high concentrations. 

The Mj- and M^-selective antagonist methoctramine (Melchiorre et aly 
1987; Eglen et aly 1996) did not reduce the efficacy of ACh, even at 10'5 M 
(Fig. 4 ). 

However, the Mj-selective antagonists, 4-DAMP (Eglen et al, 1996) pro- 
duced a significant rightward-shift of the ACh concentration-response curve 
with a relatively high efficacy (Fig. 5a). 

If one plots the log of the ratio (;c) of the concentration of ACh which pro- 
duced equivalent responses in the presence and absence of the putative antag- 
onist (minus 1) against the antagonist concentration, a Schild plot is generat- 
ed (Bowman and Rand, 1980) which can be used to compare the efficacy of an- 
tagonists. The x-intercept of such plots is the pA^, the -log of the antagonist 
concentration that produces a 50% reduction in the efficacy of ACh. 







Fig. 4. The effect of iO "5 M 
methoctramine on the ACh 
concentration-response 
curve. n=6 



contnit 

+10'^ H H«th«ctramlna 



ACH CONC.,M 



Fig. 5. The effect of 4- 
DAMP (a n=4) on the ACh 
concentration-response 
curve 
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Fig. 6. Schild Plot of the ef- 
fect of pirenzepine and 4- 
DAMP the ACh concentra- 
tion-response curve 
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Table i. A comparison of Schild plot data from this study and published data from studies 
of various mammalian species Values are the pA^, i.e., the -log of the antagonist concentra- 
tion that produces a 50% reduction in the efficacy of ACh 



Species 


Vessel 


Antagonist pA^ value 
Pirenzepine 4-DAMP 


Reference 


Dogfish shark 


Ventral aorta 


6.69 


9.67 


this paper 


Hypertensive rat (spontan.) Aorta 


6.74 


9-39 


Boulanger et a/., 1994 


Rabbit 


Pulmonary artery 


6.77 


8.92 


Altiere et a/., 1994 


Lamb 


Coronary artery 


7.49 




Simonsen et al, 1993 


Cow 


Coronary artery 


7.14 


9.04 


Brunner et al, 1991 


Pig 


Coronary artery 


6.98 


9.20 


Entzeroth et al, 1990 



It is clear from Fig. 6 that the Mj-specific antagonist 4-DAMP has a much 
higher pA^ than pirenzepine. The slopes of Schild plots for these two antago- 
nists did not differ from 1.0, demonstrating competitive interaction (e.g., 
Limbird, 1986). Table 1 compares our data with some published for various 
mammalian species. 

Based upon the array of pA^, all of these mammalian studies concluded 
that the muscarinic receptor involved in the contractile response was the M3 
type. The data for the dogfish shark ventral aorta fall into the same array; in 
fact, the discrepancy between the efficacy of the M^-specific antagonist 
(pirenzepine) and the M3-specific antagonist (4-DAMP) is the greatest for the 
shark. Our data are, therefore, consistent with the hypothesis that the muscar- 
inic receptor on the vascular smooth muscle of the shark ventral aorta is also 
the M3 type. 

We have now demonstrated that the ventral aorta and/or branchial vascu- 
lature of the dogfish shark expresses a variety of receptors for vasoactive ago- 
nists, including a-adrenergic (constrictor) and [ 3 -adrenergic (dilator) recep- 
tors (Evans and Claiborne, 1983), constrictor (AJ and dilator (A^) adenosine 
receptors (Evans, 1992), constrictor, ETg-type endothelin receptors (Evans et 
al, 1996), dilator, C-type natriuretic peptide receptors (NPR-B; (Evans et a/., 
1993), and dilator prostaglandin receptors (Evans and Gunderson, 1998). This 
certainly suggests that there is a large suite of control sites expressed in these 
vessels, which presumably can control perfusion of the gill, the site of osmo- 
regulation, acid-base regulation, and excretion of nitrogen (e.g., Evans, 1998). 
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Abstract. 14-3-3 Proteins are found to bind to a growing number of eukaryot- 
ic proteins and evidence is accumulating that 14-3-3 proteins serve as modula- 
tors of enzyme activity. Several 14-3-3 protein recognition motifs have been 
identified and an increasing number of target proteins have been found to 
contain more than one binding site for a 14-3-3 protein. It is thus possible that 
14-3-3 dimers function as clamps that simultaneously bind to two motifs with- 
in a single binding partner. Phosphorylation of a number of binding motifs 
has been shown to increase the affinity for 14-3-3 proteins but other mecha- 
nisms also regulate the association. It has recently been demonstrated that fu- 
sicoccin induces a tight association between 14-3-3 proteins and the plant 
plasma membrane H+-ATPase. Phorbol esters and other hydrophobic mole- 
cules may have a similar effect on the association between 14-3-3 proteins and 
specific binding partners. 

Key words. Binding motif • H+- ATPase • Plasma membrane • 14-3-3 Protein 
Protein kinase C • Modulator • Raf-i • Signal transduction 

Introduction 

The 14-3-3 proteins were identified in the late 1960s as being abundantly 
present in brain tissue (Moore and Perez 1967). Their function was, however, 
unknown, and it was not until recently that they were „rediscovered“ when 
they were found to play important roles in cell cycle regulation, differentia- 
tion, exocytosis, targeting of proteins to various locations in the cell and in the 
coordination of signal transduction pathways (for reviews, see Aitken 1996; 
Ferl 1996). Mutants in 14-3-3 genes are beginning to illuminate some of the 
specific functions of 14-3-3 proteins in various cell types (Chang and Rubin, 
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1997 ; Kockel et al 1997; Roberts et al 1997). How 14-3-3 proteins carry out a di- 
verse array of functions is still enigmatic. Although most organisms have a 
number of 14-3-3 isoforms, their primary structures are extremely well con- 
served, suggesting a common molecular mechanism of action. 

14-3-3 proteins bind to several target proteins 

One feature is common to all 14-3-3 proteins: they bind to other proteins. Ta- 
ble 1 lists a number of proteins that interact with 14-3-3 proteins. Different 
methods have been employed to show interaction, such as the yeast two-hy- 
brid system, immunoprecipitation and co-purification. Interactions have been 
demonstrated both in vivo and in vitro. The notion that 14-3-3 proteins form 
complexes with other proteins therefore seems to be well based. 

Isoforms of 14-3-3 proteins show little specificity 

All tissues in all eukaryotic organisms analysed so far possess 14-3-3 proteins 
(Wang and Shakes 1996). Only one 14-3-3 protein has been found in the amoe- 
bae Dictyostelium discoideum (Knetsch et al 1997), two in the yeast Saccharo- 
myces cerevisiae (van Heusden et al 1995), and at least ten and seven in Arabi- 
dopsis ( Wu et al 1997a) and humans (Aitken 1996), respectively. It has been 
suggested that each 14-3-3 isoform has a special function in the cell, with a se- 
lectivity towards a specific binding partner. If this concept reflected the true 
situation, it would explain how a spectrum of 14-3-3 proteins could play mul- 
tiple roles. 

There is, however, little indication that such isoform specificity exists. A 
single 14-3-3 isoform can bind to several binding partners in vitro and exert 
multiple biological functions (Lu et al 1994). In addition, all those isoforms of 
Arabidopsis 14-3-3 protein that could be expressed in yeast complement the 
corresponding yeast genes (van Heusden et al 1996). 

In plants, 14-3-3 proteins have been implicated in the binding of fusicoccin 
(de Boer 1997; Fullone et al 1998), a wilt-inducing toxin produced by the fun- 
gus Fusicoccum amygdalil Fusicoccin binding sites are absent from fungi and 
animals (Meyer et al 1993), suggesting that a specific function of one or more 
plant 14-3-3 proteins is to bind fusicoccin. However, it has recently been dem- 
onstrated that the fusicoccin binding site is a complex between two proteins: a 
14-3-3 protein and the C-terminal regulatory domain of plant membrane H+- 
ATPase (Baunsgaard et al 1998). All tested plant, animal and yeast 14-3-3 pro- 
teins could form fusicoccin binding sites provided that plant plasma mem- 
brane H+-ATPase was present, indicating that specificity is generated by the 
H+-ATPase, and not by any of the 14-3-3 proteins (Baunsgaard et al 1998). 
Post-translational modifications affect the potency of 14-3-3 proteins (Aitken 
et al 1995), which could explain some of the quantitative differences often ob- 
served between isoforms. 
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Fig. 1. Schematic presentation of the structure of 14-3-3 
protein. Two monomers interact with each other at their 
N-termini to form a dimer in the crystal structure (Liu et 
al. 1995; Xiao et al. 1995). The groove of each monomer is 
almost invariant between 14-3-3 proteins and forms a 
binding site for a sequence motif present in a number of 
targets known to bind 14-3-3 proteins (Yaffe et al 1997). 
The outer surface of the 14-3-3 protein is less conserved 
and has also been suggested to play a role in 14-3-3 protein 
interactions with other proteins (Jones et al 1995) 




conservted 



The crystal structures of two 14-3-3 proteins have been solved (Liu et al 
1995; Xiao et al 1995). Monomers interact with each other at their N-termini to 
form dimers. A negatively charged groove located in the centre of each 14-3-3 
monomer has an interior made up of extremely well-conserved amino acid 
residues. In contrast, the outer part of the 14-3-3 protein is covered with ami- 
no acid side chains that are rather variable (Fig. 1). It has been suggested that 
this less conserved part of the molecule is responsible for the interaction with 
target proteins, since structural variation could determine specificity towards 
various binding partners (Aitken 1996; Jones et al 1995). However, a 14-3-3 
protein has been co-crystallized with a peptide representing a common 14-3-3 
protein binding motif (RXXpSXP; see below) and the peptide found to inter- 
act with the groove (Yaffe et al 1997). It is not known whether other binding 
motifs (see below) bind to the same site of the 14-3-3 protein. However, the 
conserved nature of the peptide binding site supports the notion that 14-3-3 
proteins have very little specificity in binding to target proteins. 

14-3-3 Isoforms often exhibit a distinct developmental and tissue-specific 
pattern of localization (Daugherty et al 1996; Wang and Shakes 1997; 
Watanabe et al 1991, 1993a, b, 1994). This controlled expression suggests a ge- 
netic, rather than a functional, model for 14-3-3 isoform diversity: the impor- 
tant differences between 14-3-3 genes are found in the promoter regions. The 
existence of multiple isoforms is thus a means to provide each cell in a multi- 
cellular organism with its specific requirement for 14-3-3 proteins at any time 
during development. 

Do 14-3-3 proteins act as adapter proteins? 

14-3-3 Proteins form dimers under native conditions. Homo- as well as 
heterodimer formation has been shown to occur both in vivo and in vitro 
(Jones et al 1995; Wu et al 1997b). These results imply that each 14-3-3 protein 
dimer can simultaneously bind to two different target proteins. Accordingly, a 
model has been postulated in which the 14-3-3 dimer functions as a scaffold 
that brings two target proteins into close proximity (Fig. 2A) (Aitken 1996; 
Braselmann and McCormick 1995; Xiao et al 1995)* There are, however, a 
number of arguments against this possibility; (1) except in the case of struc- 
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Table i. Proteins interacting with 14-3-3 proteins 




Partner of interaction 


Methods* 


Molecular 
activity of 14-3-3 


References 


A20 


b,c 


Chaperone 


de Valck et al 1997; 
Vincenz and Dixit 1996 


Ascorbate, peroxidases 


c 




Zhang H et al 1997 


BAD 


c,d 


Inhibitor 


Hsu et al 1997; 
Zha et al 1996 


Breakpoint cluster 
region protein (BCR) 


b,c,e,f 


Adapter 


Braselmann and 
McCormick 1995; 
Ichimura et al 1997; 
Reuther et al 1994 


cdc25 phosphatase 


c,h 


Inhibitor 


Conklin et al 1995; 
Kumagai et al 1998; 
Li and Sedivy 1993 


cdk PCTAIRE-i 


c,d 


- 


Sladeczek et al 1997 


Proto-oncogene 
product c-Clb 


b, c,d 


- 


Liu et al 1996; 
Robertson et al 1997 


Exoenzyme S 


d 


Activator 


Fu et al 1993; 
Zhang L et al 1997 


G-box binding factor 


b 


- 


de Vetten et al 1992 


Glucocorticoid 
receptor (GR) 


c,d 


Activator 


Wakui et al 1997 


Glycoprotein Ib-IX 


b,e 




Andrews et al 1998; 
Du et al 1996 


Type 1 insulin growth 
factor receptor (IGFIR) 


c 


- 


Craparo et al 1997; 
Furlanetto et al 1997 


Insulin receptor 
substrate 1 


b, c, d 




Craparo et al 1997; 
Kosaki et al 1998; 
Ogihara et al 1997 


43-kDa Inositol 
polyphosphate 
5-phosphatase 


d,e 




Campbell et al 1997 


Keratin intermediate 
filament 


d 




Liao and Omary 1996 


Kinase suppressor 
ofRas (KSR) 


b, c,d 


- 


Xing et al 1997 


NADH: nitrate 
reductase (NR) 


e 


Inhibitor 


Bachmann et al 1996; 
Moorhead et al 1996 


Nonstructural 
protein NS2 


b 


- 


Brockhaus et al 1996 


Plasma membrane 
H+-ATPase 


b,c 


Activator 


Jahn et al 1997; 
Decking et al 1997 






41 







Partner of interaction Methods*^ Molecular 

activity of 14-3-3 


References 



Polyoma virus 
middle T antigen 


e 




Cullere et al. 1998; 
Yaffe et al 1997 


Presequence region 
of mitochondrial 
precursor proteins 


d 


Chaperone 


Alam et al 1994 


Protein kinase C (PKC) 


d,e 


Uncertain 


Acs et al 1995; 
Aitken et al 1995; 
Robinson et al 1994 


Protein kinase 
C theta (PKC theta) 


b,d 


Inhibitor 


Meller et al 1996 


Myosin II heavy chain 
specific protein kinase 
C (MHC-PKC) 


b 


Inhibitor 


Matto-Velin et al 1997 


Protein-tyrosine 
phosphatase i(PTPHi) 


c,d 


~ 


Zhang SH et al 1997 


B-Raf 


c,e 




Muslin et al 1996; 
Papin et al 1996 


c-Raf-i 


d, e,h 


Uncertain 


Clark et al 1997; 

Li et al 1995; 
Morrison et al 1993; 
Muslin et al 1996 


Tryptophan 

hydroxylase 


b,d 


Activator 


Banik et al 1997; 
Furukawa et al 1993; 
Ichimura et al 1995 


vav Proto -oncogene 
product 


g 


- 


Suen et al 1995 


Weei kinase 


c,d 


- 


Honda et al 1997 



^ Methods employed to demonstrate interaction 
^ Co-purification/co-immunoprecipitation 
Two-hybrid screen 

^ In vitro interaction (recombinant proteins/purified proteins) 
^ Peptide binding study 
^ Baculovirus expression 
s Bacteriophage expression library 
^ In vivo study in Xenopus laevis oocytes 
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Fig. 2A-E. Models for interaction of 14-3-3 
with target proteins. 14-3-3 Proteins have 
been suggested to function as adapters 
(Adaptor model; A-C), that link different 
proteins together, or as direct modulators 
of enzyme activity (Modulator model; 
D,E). According to the former model, bind- 
ing of 14-3-3 protein is not sufficient to al- 
ter enzyme activity. Rather, the role of 14-3- 
3 protein is to bridge two 14-3-3 binding 
proteins, the enzyme and a regulatory pro- 
tein. According to the latter model, binding 
of 14-3-3 protein stabilizes a particular 
conformation of the target protein. Release 
of the 14-3-3 protein would result in an al- 
ternative conformation of the protein hav- 
ing altered properties. Small circles indi- 
cate sites phosphorylated in the target pro- 
tein. A Interaction of the target proteins at 
a phosphorylated binding motif with the 
highly conserved grooves of the 14-3-3 pro- 



tein dimer (left). Given the situation that 
one or more target proteins have more 
than just one site for interaction, 14-3-3 
proteins are likely to precipitate their tar- 
get proteins (right). B Interaction of target 
proteins with the rather variable outer sur- 
face of the 14-3-3 protein dimer. C Interac- 
tion of target proteins with the 14-3-3 pro- 
tein dimer at different sites: one protein in- 
teracts at the outer surface and the second 
protein binds to the groove structure of a 
14-3-3 protein (left). The 14-3-3 protein 
dimer would allow for the link of more 
than just two different proteins (right). D 
Both sites at the target molecule interact 
with the groove structure of the 14-3-3 
dimer. E The outer surface of the 14-3-3 
protein is involved in the interaction. F Al- 
ternatively, modulation of activity is 
brought about by the interaction of a 14-3- 
3 protein at a single binding site of the tar- 
get protein 
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tural proteins, there is no documented need for an adapter to help bring to- 
gether proteins in the cell; (2) given the large number of 14-3-3 protein inter- 
actions, the binding partner in the 14-3-3 dimer is likely to vary considerably, 
and thus presentation of a binding partner is not likely to be very specific; (3) 
the fact that a number of 14-3-3 binding proteins contain more than a single 
14-3-3 binding site (see below) suggests that if 14-3-3 proteins serve adapter 
functions, they should at least in theory be able to form a complex protein net- 
work within the cell and possibly precipitate the 14-3-3 binding proteins in a 
fashion resembling that of polyclonal antibodies (Fig. 2A). 

It remains still a theoretical possibility that interaction of target proteins 
with the more variable outer surface of the 14-3-3 dimer is involved in 
complexing proteins (Figs, land 2B) (Jones et ah 1995). In this interaction 
binding might in fact be more specific, and a 14-3-3 dimer, which then possess- 
es a total of four binding sites, could actually bring more than just two pro- 
teins together (Fig. 2C). Experimental evidence that the outer surface of 14-3-3 
proteins is involved in binding to proteins other than 14-3-3 is still lacking. 

A general function of 14-3-3 proteins may be to serve as direct modulators of en- 
zyme activity 

Increasingly, 14-3-3 proteins are found to modulate the properties of other 
proteins (Sehnke and Ferl 1996; Table 1). The effect of 14-3-3 proteins can be ei- 
ther inhibitory or activatory. Alternatively, they can induce or reduce the bind- 
ing of the target protein to other proteins. 

14-3-3 Proteins activate proteins such as tyrosine and tryptophan hydroxy- 
lases (Ichimura et al 1988), exoenzyme S (Fu et al 1993), the glucocorticoid re- 
ceptor ( Wakui et al 1997) and the plasma membrane H+-ATPase (Baunsgaard 
et al 1998; Jahn et al 1997; Decking et al 1997). In contrast, it is inhibition that 
characterizes the interaction between 14-3-3 proteins and, for example, nitrate 
reductase (Bachmann et al 1996; Moorhead et al 1996). 

The effect of 14-3-3 proteins on two important molecules in the regulation 
of cellular processes, protein kinase C and Raf-i, is more controversial. 14-3-3 
Proteins have been reported to either (1) stimulate (Acs et al 1995; Dellambra 
et al 1995; Isobe et al 1992; Tanji et al 1994) or (2) inhibit (Meller et al 1996; 
Robinson et al 1994; Toker et al 1992) protein kinase C. In addition, 14-3-3 
proteins have been reported to either (1) activate (Fantl et al 1994; Freed et al 
1994; Irie et al 1994; Li et al 1997), (2) inhibit (Clark et al 1997; Rommel et al 
1997) or (3) have no influence on (Michaud et al 1995; Suen et al 1995) Raf-i. 

Additional roles of 14-3-3 proteins are to solubilize proteins such as A20 
( Vincenz and Dixit 1996) and keratins (Liao and Omary 1996) and to stimulate 
protein import into mitochondria (Alam et al 1994). 
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Several 14-3-3 protein target sequences have been identified 

A number of 14-3-3 binding motifs in target proteins have been described. A 
peptide derived from the Raf-i sequence was shown to bind to a 14-3-3 protein 
in vitro provided that a serine in the sequence was phosphorylated (Muslin et 
al 1996). The 14-3-3 binding motif in Raf-i was found to be RSXpSXP (pS in- 
dicates a phosphorylated serine) and has been identified in several other 14-3- 
3 binding proteins (Muslin et al 1996). Systematic screening of peptide librar- 
ies has identified another motif, RXY/FXpSXP (Yaffe et al 1997) that binds to 
14-3-3 proteins. In c-cbl an RX1-2SX2-3S 14-3-3 binding motif has been report- 
ed (Liu et al 1997). A systematic analysis of the 14-3-3 protein-binding capaci- 
ty of peptides derived from the glycoprotein Ib-IX-V complex revealed the 
presence of multiple sites for 14-3-3 protein binding, among which were GHSL 
and RLSLTDP (Andrews et al 1998). On the basis of these results, it was sug- 
gested that RXSX(S/T)XP, a motif conserved in proteins with SH2 domains, is 
recognized by 14-3-3 proteins (Andrews et al 1998). A 14-3-3 protein binding 
motif in the platelet adhesion receptor was suggested to be X3SX2SX3SX2SX 
(Du et al 1996). However, this sequence in the platelet adhesion receptor in- 
cludes the 14-3-3 protein binding motif GHSL (Andrews et al 1998) which may 
represent the true 14-3-3 binding site in this protein. 

The cysteine-rich domains (CRDs) of Raf-i,MHC-PKC and PKC have been 
implicated in the binding of 14-3-3 proteins. There is very little sequence sim- 
ilarity between these domains except for the motif CXTVK(P)C (Table 2) 
which is present in most of these CRDs. This motif might therefore be in- 
volved in interaction with the 14-3-3 protein. 



Table 2. Sequence motifs involved in binding of 14-3-3 proteins 



Sequence motifs 


References 


RSxSpSxP 


Yaffe et al 1997 


RxYxpSxP 


Yaffe et al 1997 


RxFxpSxP 


Yaffe et al 1997 


RSxpS 


Ogihara et al 1997 


SxpSxP 


Ogihara et al 1997 


RSxpSxP 


Muslin et al 1996; Zha et al 1996 


RxRxxpS 


Zha et al 1996 


RxSxpSxP 


Andrews et al 1998 


Rx(x)Sxx(x)S 


Liu et al 1997 


GHSL(P) 


Andrews et al 1998 


CxTKV(P/x)xxC 


this study 



pS denotes a phosphorylated serine 
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The ligand-binding domain of the glucocorticoid receptor (Wakui et al 
1997), which binds 14-3-3 proteins, does not have the aforementioned se- 
quence motifs, implying that additional 14-3-3 protein-binding motifs exist. 

It should be noted that the sequence of the synthetic peptide shown to have 
the highest affinity for 14-3-3 proteins in the study by Yaffe et al (1997) does 
not make a perfect match to any protein sequence in the databases. Flexibility 
in binding motifs may ensure that binding is not too strong, thus allowing for 
more flexibility in regulation. 

14-3-3 Proteins bind to multiple sites in several target proteins 

Interestingly, a number of 14-3-3 binding proteins contain more than one 14-3- 
3 binding site (Table 3).These include Raf-i (Muslin et al 1996), c-cbl (Liu et al 
1997), glycoprotein Ib-IX-V complex (Andrews et al 1998) and the glucocorti- 
coid receptor (Wakui et al 1997). This immediately suggests a mechanism by 
which 14-3-3 proteins could regulate the properties of their binding partners 
(Aitken 1996). According to this mechanism, each monomer in the 14-3-3 
dimer binds to a distinct domain in the target protein (Fig. 2D, E). By binding 
to both domains simultaneously, the 14-3-3 dimer functions as a clamp that in- 
duces a conformational change in the target molecule. The conformational 
change may result in either activation or inhibition of target enzyme activity, 
or have other effects, such as the exposure or disclosure of important domains 
(Fig. 2D-F). From this model it follows that binding of the 14-3-3 protein to a 
single site in the target protein does not necessarily influence its conforma- 
tional state, depending on the protein in question. This may explain why bind- 
ing of 14-3-3 proteins to target proteins often does not result in a change in 
their activity (Fig. 3). In other proteins, binding of 14-3-3 protein to a single site 
might be sufficient to bring about a conformational change. 

Reversible phosphorylation regulates the interaction between 14-3-3 and many tar- 
get sequences 

Interaction of 14-3-3 proteins with their target proteins is often facilitated by 
phosphorylation of the binding partner (Fig. 3). Tryptophan hydroxylase 
forms a complex with 14-3-3 proteins, in a process that requires phosphoryla- 
tion of the former (Furukawa et al 1993), whereas 14-3-3 proteins have little ef- 
fect on the non-phosphorylated protein. Phosphorylation itself does not affect 
the activity of tryptophan hydroxylase, but allows for binding of the 14-3-3 
protein, which in turn leads to activation (Furukawa et al 1993). Purified tar- 
get proteins may be dephosphorylated unless precautions have been taken; 
this may explain why 14-3-3 proteins often do not affect the activities of their 
target protein when they are mixed in vitro (Honda et al 1997). 

Phosphorylation of the 14-3-3 binding motifs often strongly affects the af- 
finity for 14-3-3 protein. Phosphorylation of the serine in the RSXpSXP motif 
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Fig. 3. Regulation of a tar- 
get protein by 14-3-3 Pro- 
tein, protein kinase(s) and 
protein phosphatase(s). 

The target protein exists in 
two conformations, A and 
By having different activity 
states. According to this 
model, the dimer of a 14-3-3 
protein stabilizes a particu- 
lar conformation (B-con- 
formation) of the target 
protein. The shift from the 
original A-conformation to 
the B- conformation is only 
induced when the 14-3-3 
protein binds simulta- 
neously to two different 
sites of the target protein. 
Small circles indicate sites 
phosphorylated in the tar- 
get. Interaction between the 
14-3-3 protein and the tar- 
get protein at a single site 
does not change the confor- 
mational state of the target 
protein. Furthermore, bind- 
ing of 14-3-3 protein is in- 
creased by phosphorylation 
of 14-3-3 binding motifs in 
the target protein. Thus, in- 
teraction between 14-3-3 
protein and its target can 
be closely regulated by 
pairs of protein kinases and 
phosphatases. Interactions 
between 14-3-3 proteins and 
their targets are not always 
dependent upon protein 
phosphorylation. Small reg- 
ulatory molecules may also 
affect the strength of the 
association 
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Table 3. Sequence motifs in selected target proteins found or suggested to be involved in 
binding of 14-3-3 proteins. Full length sequences were searched for the 14-3-3 protein bind- 
ing sites listed in Table 2 (T was allowed to substitute for S) 


Protein (accession number) 


Known 14-3-3 protein 


Putative 14-3-3 protein 




binding motif 


binding motif 


A20 (P21580) 


562-RSKSDP b 


- 


Glucocorticoid receptor 


Located to LBD 


42-SASSP 132-RSTSVP 


(M10901) 


(ligand binding domain) 


(no consensus site 




aa 485-777 c 


found in LBD) 


Glycoprotein Iba (M22403) 


612-DLLSTVSIRYSGHSL d; 
623-GHSL e 


378-KSTTEP 


Glycoprotein Ibb (P13224) 


189-RLSLTDP e- 




Inositol polyphosphate 5- 
phosphatase (P49442) 


363-RSESEEf - 




Insulin receptor substrate-i 


267-RSKpS g; 372-SRpSIP g; 


- 


(S62539) 


639-svpSAP g 




NADH: nitrate 
reductase (S11868) 


540-RTApSTP h 




Phenylalanine hydroxylase 
(K03020) 


- 


270-RHGSKP 


Protein kinase C (PKC) 
(L01087) 


■“ 


273-CQTKVANLC 


Myosin II heavy chain 


Located to CRD 


68-CQTKVPLNC; 


specific protein kinase C 


(cysteine rich domain) 


190-SPSSP; 635-RVRKVS 


(MHC-PKC) (M93393) 


aa 1-139 i 




Plant H+-ATPase (P19456) 


Located to C-terminal 


693-RVKPSPTP k; 




regulatory domain 


635-RSRSWS; 635- 




aa 850-947 j 


RELHTLK 


Raf-i (P04049) 


257-RSTpSTP 1 ; 
619-RSApSEP 1 ; 143-RKT m 


176-CSTKVPTMC 


Tryptophan hydroxylase 
(X52836) 


— 


258-RHSSDP 


Tyrosine hydroxylase 
(X05290) 


315-RHASSP n 





^ pS denotes a phosphorylated serine 
^ de Valck et al 1997 
Wakui et al. 1997 
^ Du et al 1996 
® Andrews et al 1998 
^ Campbell et al 1997 
8 Ogihara et al 1997 



^ Bachmann et al 1996 
* Matto-Yelin et al 1997 
) Jahn et al 1997 
^ suggested by Aitken (1996) 

^ Muslin et al 1996 
Clark etal 1997 

" suggested by Muslin et al 1996 
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found in Raf-i (Muslin et al 1996), and the threonine in the RLSLpTDP motif 
found in the glycoprotein Ib-IX-V complex (Andrews et al 1998) increases 14- 
3-3 protein binding affinity by at least an order of magnitude. This depen- 
dence suggests that protein kinases may control the affinity of 14-3-3 proteins 
for their targets. Most, if not all, 14-3-3-protein-binding motifs identified serve 
as substrates for serine/threonine kinases. 

The kinases responsible for phosphorylation of 14-3-3 protein target se- 
quences have been identified in a number of cases. For example, Raf-i is phos- 
phorylated in vivo at S43, S259, S499 and S621 (Kokh et al 1993; McGrew et al 
1992; Morrison et al 1993). S259 and S621 have both been implicated in 14-3-3 
binding (Muslin et al 1996). Phosphorylation of S621 seems to be required for 
Ras-i functionality. Phosphorylation of S259 and S499 is apparently involved 
in protein kinase C-mediated activation of Raf (Kokh et al 1993; Morrison et 
al 1993; Sozeri et al 1992). 

14-3-3 interactions can also be regulated by means other than phosphorylation 

It is intriguing that most 14-3-3 protein/protein interactions have been dem- 
onstrated by use of the yeast two-hybrid system (Table 1). If phosphorylation 
of specific sequences is a prerequisite for binding of 14-3-3 proteins to target 
proteins, then each of these heterologously expressed proteins must be phos- 
phorylated at the correct site(s) for interaction to occur in the two-hybrid sys- 
tem. Since this prerequisite seems unlikely to be met in each case, it seems 



Fig. 4. Model for the regula- 
tion of plant plasma mem- 
brane H+-ATPase by 14-3-3 
proteins. The plasma mem- 
brane H+-ATPase binds 14- 
3-3 protein. In the presence 
of the natural compound 
fusicoccin, the strength of 
this interaction increases 
several-fold. Neither the 
H+-ATPase nor the 14-3-3 
protein is able to bind fusi- 
coccin alone. Rather the fu- 
sicoccin binding site is 
formed by both proteins. 
Binding of 14-3-3 protein to 
the C-terminal regulatory 
domain of the H+-ATPase 
results in activation of the 
enzyme. It is not known 
whether the 14-3-3 protein 
binds to other sites of the 
H+-ATPase 
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plausible that phosphorylation is not an all-or-nothing event, but rather 
serves to increase binding affinity of at least some target sequences. Further- 
more, complex formation between 14-3-3 proteins and their targets do not al- 
ways require phosphorylation; binding of 14-3-3 protein to the GHSL motif in 
the glycoprotein Ib-IX-V complex (Andrews et al. 1998) appears to be unaf- 
fected by phosphorylation. In addition, the N- terminal regulatory domain of 
c-Raf produced in E. coli binds 14-3-3 protein although it is not phosphorylat- 
ed; in this case, the binding motif involved was not identified (Rommel et al 
1996). 

Recently, it has been demonstrated that fusicoccin is able to stabilize the 
complex between 14-3-3 protein and the plant plasma membrane H+-ATPase 
(Fig. 4) (Baunsgaard et al 1998; Fullone et al 1998; Jahn et al 1997; Oecking et 
al 1997). Fusicoccin induces tight binding of 14-3-3 protein to the plasma 
membrane H+-ATPase, and as a consequence H+-ATPase activity is increased, 
both in vivo and in vitro (Fig. 4) (Baunsgaard et al 1998). Apparently no phos- 
phorylation event is involved in this process since fusicoccin also induces the 
tight binding of recombinant 14-3-3 protein to a recombinant C-terminal do- 
main of the H+-ATPase (Fullone et al 1998). Interestingly, the fusicoccin bind- 
ing requires both 14-3-3 protein and H+-ATPase (Baunsgaard et al 1998). Nei- 
ther protein binds fusicoccin alone. Therefore, it appears that 14-3-3 protein in 
concert with the target protein can generate a receptor for a regulatory mole- 
cule that affects the strength of the interaction between the two binding part- 
ners. 

In the myosin II heavy-chain-specific protein kinase C, 14-3-3 protein binds 
to one of the CRDs (Matto-Yelin et al 1997). The same could be true for other 
protein kinase C isoforms (Meller et al 1996). Phorbol esters are natural com- 
pounds like fusicoccin which bind to and activate protein kinase C. Phorbol 
esters bind to at least one region in this protein, the CRD (residues 8-38) 
(Kazanietz et al 1995a). In the presence of phosphatidylserine, binding of 
phorbol ester to this domain is further enhanced (Kazanietz et al 1995b). It is 
not known whether phorbol esters affect the strength of the binding of the 14- 
3-3 protein to protein kinase C, but this remains an intriguing possibility. 

Raf-i is activated by Ras in a complicated fashion, which is still not under- 
stood, but it involves 14-3-3 proteins and translocation of Raf-i to the plasma 
membrane. The N-terminal regulatory domain of Raf-i contains two Ras- 
binding sites. The first is defined by residues 55-131; the second is located in 
the CRD (residues 139-184) (Brtva et al 1995; Hu et al 1995). This domain of 
Raf is homologous to CRDs found in protein kinase C family members. It ap- 
pears that Ras first binds to Raf-i-(55-i3i) and that this binding unmasks the 
binding site in the Rafi-CRD which is normally cryptic (Drugan et al 1996). In 
addition to other sites in the protein, the CRD has been identified as a site of 
interaction with 14-3-3 (Michaud et al 1995). Mutation of Cys-165 and Cys-168 
in Raf-i CRD abolishes binding of both Ras and 14-3-3 (Michaud et al 1995; 
Radziwill et al 1996), whereas mutation of residues 143-145 disrupts binding 
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of 14-3-3, but not Ras, to Raf-i-CRD (Clark et al 1997). The latter mutant has 
increased transforming activity, suggesting that 14-3-3 binding to CRD inhib- 
its Raf-i activity (Clark et al 1997). A lipid fraction derived from plasma mem- 
branes is able to activate Raf-i in vitro (Dent and Sturgill 1994) and, interest- 
ingly, the CRD domain of Raf-i also contains a binding site for 
phosphatidylserine (Ghosh et al 1994). It is therefore possible that exposure of 
the CRD helps in guiding Raf-i to the plasma membrane (Ghosh et al 1994). 
Once in the membrane, phosphatidylserine interacts with 14-3-3 and Raf-i. It 
remains to be shown, however, whether phosphatidylserine in this system sta- 
bilizes the binding of 14-3-3 protein to Raf-i. 

In conclusion, a picture is emerging with 14-3-3 protein as a general modu- 
lator of enzyme activity. Whereas calmodulin binds to and regulates proteins 
in a calcium-dependent manner, the action of 14-3-3 protein is dependent up- 
on protein phosphorylation and/or the binding of small hydrophobic non- 
proteinaneous molecules. 14-3-3 Proteins might have different functions in 
different cells at different times of development. However, it appears that spec- 
ificity might be generated by the target proteins present at a given time in that 
cell, and not by the 14-3-3 proteins themselves. 
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Abstract. This study investigated the sites of urate synthesis and catabolism in 
the gecarcinid land crab Gecarcoidea natalis by assaying spongy connective 
tissue, midgut gland, muscle and gill for xanthine oxidoreductase, the last en- 
zyme involved in urate synthesis, and uricase and urease, the first and last en- 
zymes involved in urate catabolism. The spongy connective tissue and midgut 
gland of the G. natalis contained activities of xanthine oxidoreductase and 
were considered to be sites of urate synthesis. The midgut gland had a high ac- 
tivity of xanthine oxidoreductase [(58.87±4.6 (SE) nmol urate produced g"^ 
wet wt. tissue min~^], 2.7 times the xanthine oxidoreductase activity contained 
within the spongy connective tissue, and was thought to be the main site of 
urate synthesis. Xanthine dehydrogenase (EC 1.1.1.204) was the only form of 
xanthine oxidoreductase detected within the tissues. Its presence means that 
the cost of synthesising urate de novo is relatively small (between 1 and 3 ATP). 
Uricase (EC 1.7.3.3) and urease (EC 3.5.1.5) activities were present in the tissues 
of G. natalis. Spongy connective tissue contained the highest activities of 
uricase [48.44I4.29 (SE) nmol urate consumed g~^ wet wt. tissue min"^] while 
the highest activities of urease [365.31I37.21 (SE) nmol urate consumed g"^ wet 
wt tissue min'^] were contained within the gills. From this evidence it is clear 
that G. natalis possesses the uricolytic pathway and hence the ability to cata- 
bolise urate, and urate catabolism is begun at the site of urate storage, the 
spongy connective tissue, and is completed at the gills. As the gills are the site 
of ammonia excretion in this species the ammonia produced from the catabo- 
lism of urate is probably excreted. The urate deposits within the body of G. 
natalis may be involved in temporary storage of nitrogenous wastes. 

Key words. Gecarcoidea natalis • Land crab • Urate metabolism • Urease 
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Introduction 

Urate deposits are present within the bodies of numerous terrestrial and 
aquatic crustaceans including terrestrial and aquatic decapods and isopods, 
and aquatic amphipods (for review of species see Greenaway 1991; O’Donnell 
and Wright 1995). These urate deposits, in both terrestrial [e.g. Gecarcoidea 
natalis (gecarcinid land crab)] and aquatic crustaceans [e.g. Niphargus sch- 
ellenbergi (amphipod), Asellus aquaticus (isopod), Callinectes sapidus (deca- 
pod) and Carcinus maenas (decapod)], are intracellular, occurring in connec- 
tive tissue cells as membrane-bound urate crystals of approximately 1 pm in 
diameter (Fischer 1926; Graf and Michaut 1975; Johnson 1980; Wagele 1992; 
Linton and Greenaway 1997a). In G. natalis, and probably other land crabs, the 
urate deposits are synthesised de novo from excess dietary nitrogen (Linton 
and Greenaway 1997b). 

It is not known in which tissues urate is synthesised in gecarcinid crabs. 
There are two obvious possibilities: the spongy connective tissue where the 
urate is stored and the midgut gland, or hepatopancreas, where dietary pro- 
tein is digested and assimilated (Icely and Nott 1992). Spongy connective tis- 
sue is unlikely to be the main site of urate synthesis since it contains relatively 
few organelles and hence is not very active metabolically (Linton and Gree- 
naway 1997a). Synthetic activity is likely to be located in the midgut gland 
since this tissue is involved in urate synthesis in Birgus latro and xanthine ox- 
idoreductase, the last enzyme involved in urate formation, is present in the 
midgut gland of numerous terrestrial and aquatic crustaceans (Greenaway 
and Morris 1989; Dykens 1991; Lallier and Walsh 1991). 

Purine synthesis de novo occurs in evolutionarily diverse species such as 
the branchiopod Artemia salina, the anomuran land crab B. latro and the ge- 
carcinid land crab G. natalis and it is becoming clear that crustaceans, gener- 
ally, may possess this ability (Greenaway and Morris 1989; Liras et al 1992; 
Linton and Greenaway 1997b). The enzymatic steps utilised by crustaceans to 
synthesise urate de novo are thought to be similar to those already described 
for insects and birds (Linton and Greenaway 1997b). Thus synthesis of urate 
first requires construction of the purine ring. This begins with 5’- phosphori- 
bosyl 1- pyrophosphate and produces the nucleotide IMP by addition of the 
following precursors; one glycine (carbons C4, C5 and nitrogen N7), two 
glutamines (nitrogens N3 and N9), one aspartate (nitrogen Ni), two 
formyl tetrahydrofolate derivatives (carbons C2 and C8) and carbon dioxide 
(carbon 9) (Stryer 1988; Campbell 1995). Urate is then derived from IMP in 
several steps. In the first, IMP is dephosphorylated to form the nucleoside 
inosine. The glycosidic bond of inosine is then cleaved by purine nucleoside 
phosphorylase to create hypoxanthine and ribose (Stryer 1988). The ribose 
could be regenerated to 5’- phosphoribosyl 1- pyrophosphate and used to syn- 
thesise a further purine molecule (Campbell 1995). This negates the cost of 
synthesising the sugar. The hypoxanthine is then oxidised to xanthine which 
in turn is oxidised to uric acid (Campbell 1995). These oxidation reactions are 




61 



catalysed by xanthine oxidoreductase, the last enzyme in the urate de novo 
synthetic pathway (Campbell 1995). 

Xanthine oxidoreductase has two forms, a dehydrogenase and an oxidase. 
Xanthine dehydrogenase (EC 1.1.1.204) uses NAD+ as the electron acceptor 
and produces NADH (Campbell 1995). Xanthine oxidase (EC 1.1.3.22) uses mo- 
lecular oxygen (O^) as the electron acceptor and produces either superoxide 
(O^") or hydrogen peroxide (H^O^) (Stryer 1988). These species are highly re- 
active and since they could potentially damage the cell (McCord 1985) would 
normally be catabolised by superoxide dismutase and catalase within the per- 
oxisomes (Stryer 1988). Xanthine dehydrogenase can be converted to xanthine 
oxidase, either irreversibly by limited proteinolysis with proteinolytic en- 
zymes such as trypsin or chymotrypsin, or reversibly by the oxidation of the 
thiol groups (Della Corte and Stirpe 1968, 1972). In all species studied, includ- 
ing vertebrates and insects, xanthine oxidoreductase in vivo occurs as the de- 
hydrogenase (Battelli et al 1972; reviewed Kooij 1994; Campbell 1995; Harrison 
1995). Similarly xanthine dehydrogenase is also the main component of the 
xanthine oxidoreductase activity in the majority of the crustacean species 
studied so far (Dykens 1991; Lallier and Walsh 1991). B. latro is the only excep- 
tion, where xanthine oxidoreductase has been reported to be present as the 
oxidase form (Greenaway and Morris 1989). 

Despite the high initial metabolic cost of synthesising the purine ring, the 
cost of synthesising urate de novo is relatively small due to the presence of 
xanthine dehydrogenase. Synthesis of IMP requires nine ATP: three ATP for 
the synthesis of phosphoribosyl pyrophosphate (PPRP) from ribose, four ATP 
for the synthesis of IMP from PPRP and other precursors mentioned previ- 
ously and two ATP for the formation of the two JM^-formyl tetrahydrofolate de- 
rivatives (Campbell 1995). If N^°-methylene tetrahydrofolate is used as a 
precursor for purine synthesis instead of N 5 _formyl tetrahydrofolate then the 
total cost of synthesising IMP is seven ATP since the formation of N 5 ,N^°-me- 
thylene tetrahydrofolate requires no ATP (Stryer 1988). In the two last steps of 
urate synthesis, the oxidation of hypoxanthine to urate by xanthine dehydro- 
genase, two NADH are formed. When these two NADH are oxidised by the 
electron transport chain, six ATP are produced. Thus by summation the total 
cost of synthesising urate de novo is between one and three ATP. 

The uricolytic pathway is present in the midgut gland of aquatic decapods 
Menippe mercenaria, Callinectes sapidus and Carcinus maenas, the stomato- 
pod Oratosquilla oratoria and the midgut gland, intestine and body wall of the 
terrestrial isopod Oniscus asellus (Noguchi et al 1979; Claybrook 1983; Dykens 
1991; Lallier and Walsh 1991). The occurrence of uricolytic enzymes within the 
tissues of gecarcinid crabs has not been well studied. The midgut glands of the 
gecarcinid land crabs C. guanhumi and G. lateralis are reported not to contain 
any uricolytic enzymes (Lallier and Walsh 1991) but it is possible that the uri- 
colytic enzymes as in the isopod Oniscus asellus are present in a tissue other 
than the midgut gland. 
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The uricolytic pathway by which urate is catabolised to ammonia has four 
steps (Stryer 1988). The first step, catalysed by uricase (EC 1.7.3.3), is the oxida- 
tion of urate to allantoin (Stryer 1988). Allantoin is hydrolysed to allantoic ac- 
id which in turn is hydrolysed to urea and glyoxylate (Stryer 1988). These re- 
actions are respectively catalysed by allantoinase and allantoicase. Finally ure- 
ase (EC 3.5.1.5) hydrolyses urea to ammonia and CO^ (Stryer 1988). 

This study examined the site of urate synthesis and catabolism in the ge- 
carcinid land crab, G. natalis, by establishing the presence and activity of key 
enzymes involved in the pathways. This was achieved by assaying various tis- 
sues (midgut gland, muscle, branchiostegites and gill) for the last enzyme in 
the urate synthesis pathway, xanthine oxidoreductase, and the uricolytic en- 
zymes uricase and urease. The presence and location of the uricolytic en- 
zymes was used as a basis for suggestions as to the possible physiological roles 
of urate deposits in G. natalis. 

Materials and methods 

Collection and maintenance of animals 

Gecarcoidea natalis (Pocock) of both sexes, weighing 200-300 g each, were 
collected from rainforest on Christmas Island, Indian Ocean and air freighted 
to Sydney. In the laboratory, they were maintained in large communal contain- 
ers at 25°C and 80% humidity with a 12-h light, 12-h dark cycle. Crabs were 
supplied with tap water for drinking and fed fallen leaves of Ficus macrophylla 
and occasional soya beans and apples. 

Homogenisation of tissues for xanthine oxidoreductase and uricase assays 

Animals were chilled until torpid and killed by rapidly removing the heart 
and dissecting out the required tissues (midgut gland, branchiostegites, leg 
muscle and gill). The tissues were blotted, weighed and homogenised 
(50 strokes) using a ground glass homogeniser (Wheaton), in 4-6 volumes of 
ice-cold 25 mmol h^Tris buffer (pH=7.5) containing 1 mmol 1 “^ dithioerythritol 
(DTE), 6 mmol 1 "^ Na^EDTA and 0.2 mmol 1 “^ phenylmethylsulphonyl fluoride 
(PMSF) (proteinase inhibitor). Prior to use, 2 pi of PMSF stock (0.1 mol H) was 
added to each millilitre of buffer. The PMSF was dissolved in isopropanol at 
-20°C overnight. The homogenate was then centrifuged at 10,000 g for 10 min 
and the supernatant used for assays. 

Tissue homogenisation for urease assays 

Homogenates for urease assays were prepared as described above, except that 
the tissues were homogenised in 25 mmol 1"^ potassium phosphate buffer at 
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pH=7.5 containing i mmol 1 “^ DTE. Phosphate buffers was used for urease as- 
says instead of Tris buffers because Tris was found to interfere with the Solaro- 
zano colour reaction of the Sigma urea kit (Cat. no. 640-A). 

Xanthine oxidoreductase assays 

Enzyme activities were assayed spectrophotometrically using a LKB Ultro- 
spec II spectrophotometer and methacrylate (UV) cuvettes with a i-cm light 
path. 

Xanthine oxidase 

To remove endogenous uric acid from the homogenates 120 pi of the homoge- 
nate was incubated with 1650 pi of assay buffer (100 mmol pH= 7-5 Tris buff- 
er with 1 mmol h^DTE) and 30 pi of uricase (18 U/ml) (Boehringer Mannheim 
Cat. no. 737 364) at 25°C for 10 min. After this period the xanthine oxidase re- 
action was initiated by adding the substrate (200 pi of 0.2 mmol 1"^ xanthine). 
Xanthine oxidase activity was measured at 25°C by continuously monitoring 
the disappearance of xanthine at 270 nm for 10 min. 

Xanthine dehydrogenase 

Endogenous uric acid was removed from the homogenate as described for 
xanthine oxidase. The xanthine dehydrogenase reaction was started by adding 
200 pi of 0.2 mmol 1 '^ xanthine and 100 pi of 12 mmol 1 ~^ NAD+. The reaction 
was then monitored continuously for 10 min by following the appearance of 
NADH at 340 nm. 

Uricase assays 

Activities of uricase were assayed by adding 40 pi of homogenate to 1760 pi of 
uricase assay buffer (100 mmol 1 ~^ pH=8.5 Tris buffer with 1 mmol 1 "^ DTE), 
and 200 pi of 0.2 mmol uric acid and incubating at 25 C for 20 min. Uricase 
activity was monitored continuously by following the disappearance of uric 
acid at 293 nm. 

Urease assays 

Urease assays were conducted by adding 100 pi of homogenate to 100 pi of 
10 mmol 1"^ urea and 740 pi of urease assay buffer (25 mmol 1"^ pH=7.5 phos- 
phate buffer containing 1 mmol DTE) and incubating the mixture at 25°C 
for 20 min. Blanks without the urea substrate contained 100 pi of the homoge- 
nate and 840 pi of the urease assay buffer. At the end of the incubation period 
the reactions were stopped by adding 50 pi of 0.6 mmol HClO^ to precipi- 
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tate the enzyme. Addition of lo |il of 2.5 mmol 1 "^ K2CO3 neutralised the sus- 
pension. Precipitated protein was pelleted by centrifuging the reaction mix- 
ture at 10,000 g for 20 min. Ammonia concentrations in the supernatant of ex- 
perimental and blank tubes were then measured with a Sigma urea nitrogen 
kit (Cat. no. 640-A). The difference in the amounts of ammonia in the experi- 
mental and blank assay systems was the amount of ammonia produced in 
20 min by the hydrolysis of urea by urease. 

Statistics 

Data are expressed as mean ± SE. Statistical comparisons between means were 
made using one way analysis of variance (ANOVA) and LSD a posteriori tests 
(SPSS for Windows 6.0). 

Results 

Urate synthesis enzyme (xanthine oxidoreductase) 

Xanthine dehydrogenase was the only form of xanthine oxidoreductase de- 
tected within the tissues of G. natalis (Table 1). Xanthine dehydrogenase activ- 
ities were present in the midgut gland and branchiostegites but not in the 
muscle and gill of any crab assayed (Table 1). Activity of xanthine dehydroge- 
nase in the midgut gland was 2.7 times the xanthine dehydrogenase activity in 
the branchiostegite (Table 1). 

Enzymes of the uricolytic pathway 
Uricase 

Uricase activities were present in the branchiostegites (spongy connective tis- 
sue), midgut gland and gill tissue of G. natalis (Table 1). In all animals assayed, 
the branchiostegites contained the highest activity of uricase (Table 1). Uricase 
activity was also evident in the midgut gland and gills (Table 1). The mean 
uricase activities in the midgut gland and gills were low, as only 11.1% of ani- 
mals assayed exhibited uricase activity in their midgut glands and only 37.5% 
of crabs assayed contained uricase activity in their gills (Table 1). 

Urease 

Measurable levels of urease activity were found only in the midgut gland and 
gills of G. natalis (Table 1). The gills of all the animals assayed contained ure- 
ase activity at a level 4.1 times the urease activity in the midgut gland (Table 1). 
The urease activity within the gills was also higher than the activities of xan- 
thine oxidoreductase in the midgut gland and branchiostegites (6.2 and 
16.5 times respectively) and the activity of uricase in the branchiostegites 
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Fig.i. Rates of urate pro- 
duction and catabolism in 
Gecarcoidea natalis. Rates 
are calculated from values 
for urate accumulation by 
animals maintained on a 
high nitrogen diet for 
6 weeks (Linton and Gree- 
naway 1997b) and from to- 
tal enzyme activities of 
xanthine oxidoreductase 
(«=7), uricase (n=io) and 
urease (n=y) Rates of urate 
production or catabolism 
(mean ± SE) are expressed 
as nmol urate produced or 
consumed g"^ wet wt. crab 
min"^ 




Table 1. Activities of synthetic (xanthine oxidoreductase) and catabolic (uricase and ure- 
ase) enzymes of urate metabolism in the tissues of Gecarcoidea natalis. Xanthine dehydro- 
genase (XDH) and xanthine oxidase (XO) were the two forms of xanthine oxidoreductase 
that were assayed. Enzyme activities [mean ± SE (n)] are expressed as nmoles substrate 
produced (uric acid) or consumed (uric acid or urea) g'^ wet wt. tissue min"^ Different su- 
perscripts within a row indicate that the means differed significantiy (P<o.05). (ND En- 
zyme activity not detected) 



Enzymes of synthesis: 


Midgut gland 


Branchiostegite 


Muscle 


Gill 


XDH activity 


58.87±4.76“(10) 


22.10±4.79M10) ND{8) 


ND (8) 


% Animals with XDH 


100 


100 


0 


0 


XO activity 


ND(IO) 


ND (10) 


ND (10) 


ND(IO) 


Catabolic enzymes: 










Uricase activity 


3.66±3.66b (9) 


48.44±4.29» (8) 


ND (8) 


13.51±8.47*> (8) 


% Animals with uricase 


11.1 


100 


- 


37.5 


Urease activity 


88.28±78.35^ (8) 


ND (8) 


ND (8) 


365.31±37.21‘>(8) 


% Animals with urease 


75 


- 


- 


100 
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(7.5 times) (Table 1, Fig. 1). Urease activity in the midgut gland was not detect- 
ed in all of the animals assayed (Table 1), and the values were variable: 62.5% 
of the animals assayed exhibited low activities (5.4-22.1 nmol urea g-* wet wt. 
tissue min"') and 12.5% of the crabs assayed had high activities (636.35 nmol 
urea g"' wet wt. tissue min"*)- 

Total enzyme activity 

The total activities of xanthine oxidoreductase, uricase and urease within the 
various tissues and hence the animal were calculated as the product of the tis- 
sue enzyme activity (nmol substrate consumed g-^ wet tissue mim‘) and the 
total weight of that tissue divided by the wet weight of the animal. Using these 
activities, the rates of urate production or catabolism were calculated (Fig. 1). 

The enzymes, xanthine dehydrogenase and uricase, within the branchio- 
stegites are probably contained in spongy connective tissue cells since these 
are the main cell type present (Farrelly and Greenaway 1993). Spongy connec- 
tive tissue is spread throughout the body (Linton and Greenaway 1997a) and 
hence total enzyme activities of xanthine oxidoreductase and urease calculat- 
ed for the branchiostegites are probably underestimates of the total activity 
contained within the spongy connective tissue. 

Rates of urate production and catabolism 

The rate of production of urate calculated from the total xanthine dehydroge- 
nase activity was 6.3 times the measured rate of urate accumulation in crabs 
maintained on a high-nitrogen diet for 6 weeks (Linton and Greenaway 1997b) 
(Fig. 1). The rate of urate oxidation and hence catabolism calculated from the 
totd uricase activities in the branchiostegites amounted to 7% of the rate of 
urate production based on total xanthine dehydrogenase activity and 40% of 
the rate of urate accumulation in animals maintained on a high-nitrogen diet 
for 6 weeks (Fig. 1). Urease activity in the gills could hydrolyse the two urea 
molecules resulting from the catabolism of urate 12.8 times more rapidly than 
uricase could oxidise urate (Fig. 1). 




67 



Discussion 

Xanthine oxidoreductase; final enzyme of urate synthesis 
Sites of urate synthesis 

The presence of xanthine dehydrogenase activity in the midgut gland and 
branchiostegite of G. natalis indicates that these tissues are sites of urate syn- 
thesis (Table i). The midgut gland is probably the main site of urate synthesis, 
since it is a large organ (5.o5±o.i9% of wet wt.) (S. Linton unpublished data) 
and contains the highest activities of xanthine dehydrogenase (Table i). On 
the basis of the location and level of activity of xanthine oxidoreductase, the 
majority of the urate is synthesised de novo in the midgut gland from excess 
dietary amino acids and then transported, probably via the haemolymph, to 
the spongy connective tissue cells where it is stored intracellularly as urate 
crystals (Linton and Greenaway i997a,b). The midgut gland of the anomuran 
land crab B. latro is also thought to be the site of urate synthesis given that this 
tissue exhibits high activities of xanthine oxidoreductase (Greenaway and 
Morris 1989). The presence of xanthine oxidoreductase in the midgut glands 
of other terrestrial (e.g. Cardisoma guanhumi, Gecarcinus lateralis) and aquat- 
ic (e.g. Menippe mercenaria^ Callinectes sapidus, Carcinus maenas) decapods 
suggests this maybe the site of urate formation in decapods generally (Dykens 
1991; Lallier and Walsh 1991). 

Xanthine dehydrogenase activity was present in the spongy connective tis- 
sue of the branchiostegites and presumably other spongy connective tissue 
sites throughout the body. The paucity of organelles within the spongy con- 
nective tissue (Linton and Greenaway 1997a; Farrelly and Greenaway 1993) 
and the low activity of xanthine dehydrogenase within the branchiostegites 
(spongy connective tissue) suggest that this tissue may not be the primary site 
of urate de novo synthesis (Table 1). 

Rates of urate synthesis 

The rate of urate synthesis in G. natalis may be higher than in other gecarci- 
nid land crabs (C. guanhumi and G. lateralis), known to accumulate urate 
within their bodies, since the xanthine dehydrogenase activity in the midgut 
gland of G. natalis was higher than that reported in the midgut gland of other 
gecarcinid crabs (Table 2) (Gifford 1968; Horne 1968; Wolcott and Wolcott 
1984, 1987; Lallier and Walsh 1991). The anomuran land crab B. latro produces 
large amounts of uric acid for excretion of its nitrogenous wastes and it is not 
surprising that its midgut gland had the highest xanthine oxidoreductase ac- 
tivity of all the species studied (Table 2) (Greenaway and Morris 1989). 

The total xanthine oxidoreductase activity within the body of G. natalis 
would potentially allow a rate of urate synthesis that is considerably higher 
than the rate of accumulation actually measured in this species when it was 
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kept on a high-nitrogen diet (Fig. i) (Linton and Greenaway 1997b). It is prob- 
able, therefore, that xanthine oxidoreductase is not the rate-limiting enzyme 
of urate synthesis. This is certainly the case for termites, where xanthine oxi- 
doreductase activities are 4-11 times the activity of the rate limiting enzyme, 
purine nucleoside phosphorylase (Chappell and Slaytor 1993). In vivo sub- 
strate concentrations may also be lower than those used in the assays and 
hence the rate of urate production would be lower. 

Xanthine dehydrogenase 

In the tissues of G. natalis, xanthine dehydrogenase was the only form of xan- 
thine oxidoreductase present (Table 2). This is consistent with the majority of 
other crustaceans studied in which the dehydrogenase form of xanthine oxi- 
doreductase was also dominant (Table 2). Only in B. latro has xanthine oxidase 
been reported to be the major form of xanthine oxidoreductase (Table 2) 
(Greenaway and Morris 1989). This may however be an artefact, as a protease 
inhibitor was not included in the buffer used to prepare the homogenates of 
the midgut gland of B. latro (Greenaway and Morris 1989) and it is possible 
that xanthine dehydrogenase was converted to xanthine oxidase by limited 
damage with proteinolytic enzymes. Similarly xanthine dehydrogenase has 
been found in vivo in the tissues of all animals (vertebrates and invertebrates) 
that have xanthine oxidoreductase (Battelli et al 1972; reviewed Kooij 1994; 
Campbell 1995; Harrison 1995). 



Table 2. Xanthine oxidoreductase (XOR) activities in the midgut glands of terrestrial crabs. 
(XO Activities of xanthine oxidase, XDH Activities of xanthine dehydrogenase, total XOR 
activity XO activity+XDH activity.) Enzyme activities (mean ± SE) are expressed as nmol 
urate produced g"^ wet wt. tissue min-^ 



Species 


XO 


XDH 


Total XOR 


Reference 


Terrestrial crabs: 










Anomura 


Birgus latro 
Brachyura 


66.5±16.9 

-81.5±17.5 


0 


66.5±16.9 

-81.5±17.2 


Greenaway and 
Morris (1989) 


Gecarcoidea natalis 




58.9 ± 4.8 


58.9 ± 4.8 


This study 


Cardisoma guanhumi 


2.9 ± 1.3 


20.6 ± in 


23.5 


LaUier and Walsh 
(1991) 


Gecarcinus lateralis 


2.2 ± 1.1 


1.7 ± 1.3 


3.9 


Lallier and Walsh 
(1991) 
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As mentioned in the Introduction the presence of xanthine dehydrogenase 
rather than xanthine oxidase in the tissues of G. natalis means that the total 
cost of synthesising urate de novo is relatively small, probably being between 
one and three molecules of ATP. Indeed at this price, synthesis of urate de no- 
vo is cheaper than synthesising urea (four ATP). Urate synthesis de novo has 
previously been considered to be energetically expensive (seven to nine ATP) 
since xanthine oxidase was initially thought to be the form of xanthine oxi- 
doreductase involved in urate formation (Kooij 1994). The detoxification and 
excretion of nitrogenous wastes as uric acid is therefore not as energetically 
disadvantageous as has been commonly assumed. 

Enzymes of purine catabolism; uricase and urease 

Uricase and urease, the first and last enzymes in the uricolytic pathway, are 
both present in the tissues of G. natalis (Table 1). It is likely, therefore, that the 
intermediate enzymes of the uricolytic pathway, allantoinase and allantoicase, 
are also present. The uricolytic pathway appears to be split between tissues, 
since activities of the first enzyme, uricase, were highest in the spongy con- 
nective tissue (branchiostegite) while activities of the last enzyme, urease, 
were highest in the gills (Table 1). This pattern of enzyme activity suggests that 
urate catabolism begins in the spongy connective tissue cells where the urate 
is stored (Linton and Greenaway 1997a). Within these cells, the urate could be 
degraded to either allantoin, allantoic acid or urea. Urea is the most likely can- 
didate since it is present, sometimes at high concentrations (0.5-10.77 mmol 
1 ~ 0 > in the blood of terrestrial crabs (Greenaway and Nakamura 1991; DeVries 
et al 1994; Taylor and Greenaway 1994; Linton and Greenaway 1995). After ini- 
tial catabolism of urate, the product (most likely urea) is probably transport- 
ed, via the haemolymph, to the gills where urease catabolises it to ammonia. 
The occurrence of uricase activity in the gills of a small proportion of the an- 
imals assayed [37.5% of animals assayed (Table 1)] indicates that complete 
urate catabolism could possibly occur in the gills of some animals. As the gills 
are the site of ammonia excretion in G. natalis (Greenaway and Nakamura 
1991), the ammonia produced by the hydrolysis of urea is probably excreted. 
Given the presence and location of the uricolytic enzymes in the tissues of G. 
natalis it is clear firstly that the crab is potentially able to catabolise its urate 
reserves and secondly that the urate deposits could be a temporary store of ni- 
trogenous wastes (Table 1). In G. natalis the activity of uricase is less than that 
of urease and like uricase in the crayfish 0. rusticus and the terrestrial isopod 
0 . asellus it may also be the rate limiting enzyme of uricolysis (Fig. 1; Table 1) 
(Hartenstein 1968; Sharma and Neveu 1971). 
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Possible physiological functions of the urate deposits 

Terrestrial Crustacea in positive water balance have efficient mechanisms for 
the excretion of nitrogenous wastes and it is unlikely that they need to store 
them. Gecarcinid crabs excrete ammonia via the excreted fluid while terrestri- 
al isopods such as Porcellio scabeVy the grapsid Geograpsus grayi and to some 
extent the ghost crab Ocypode quadrata excrete ammonia gas (reviewed Gree- 
naway 1991; O’Donnell and Wright 1995). In certain situations, however, excre- 
tion of nitrogenous wastes as ammonia is not possible. During dehydration, 
urine flow in gecarcinid crabs is curtailed and the usual route for excretion of 
ammonia is blocked (Wood et al 1986; Greenaway 1991). Similarly, terrestrial 
isopods such as R scaber in humidities that are below the threshold for water 
vapour absorption, do not produce pleon fluid for water vapour absorption 
and are unable to excrete their nitrogenous wastes as ammonia gas (Wright 
and O’Donnell 1992, 1993; O’Donnell and Wright 1995). Also amphibious crabs 
such as C. hirtipeSy Holthuisana tranversa and Potamonautes warreni without 
water to immerse themselves are unable to excrete ammonia from the gills in- 
to the surrounding water (Linton and Greenaway 1995; Dela-Cruz and Morris 
1997; Morris and Van Aardt 1998). The time period required for such storage 
would vary. Isopods may require storage for approximately 12-14 h while they 
are foraging, nocturnally, in humidities below the threshold for water vapour 
absorption (Wieser et al 1969; Kirby and Harbaugh 1974; O’Donnell and 
Wright 1995). In contrast, H. transversa living in drought conditions may not 
have access to free water for periods in excess of 1 year and would need to store 
their nitrogenous wastes during this time (Linton and Greenaway 1995). Am- 
phibious gecarcinid crabs such as C. hirtipes and C. carnifex during experi- 
mental water deprivation have been reported to store their nitrogenous wastes 
for up to 9 days (Wood et al 1986; Dela-Cruz and Morris 1997). 

In the situations described above, the animals must store their nitrogenous 
wastes to prevent toxicity. Urate is a likely candidate for such storage since as 
a rounded solid it is non-toxic, does not contribute to the osmolarity of the 
cell, stores nitrogen in a concentrated anhydrous form and as mentioned is 
relatively cheap to synthesise. Amino acids such as glutamate, glutamine and 
glycine have also been suggested as temporary detoxification and storage 
molecules for nitrogenous wastes in terrestrial Crustacea (reviewed Gree- 
naway 1991; O’Donnell and Wright 1995). Use of amino acids for such storage 
could be only viable for short periods (hours) since amination of large 
amounts of a-ketoglutarate would drain intermediates from the Krebs cycle 
and hence impede ATP production (Stryer 1988). The presence of large 
amounts of amino acids in the cells could also hinder osmoregulation and ion 
transport as amino acids in solution contribute to the osmolarity and if 
charged (e.g. glutamate) alter electrical gradients. 

The stored urate could also be degraded and the nitrogen released incorpo- 
rated into amino acids and hence reutilised. The midgut gland is the most 
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likely tissue in which this might occur since it is involved in assimilation and 
digestion of protein and hence amino acid metabolism (Icely and Nott 1992). 
Given that uricase and urease activities were rarely detected in the midgut 
gland of G. natalis (Table 1) and animals on either a nitrogen-free diet or dur- 
ing situations of high nitrogen requirement such as oogenesis did not degrade 
urate to compensate for dietary nitrogen deficiencies (S. Linton unpublished 
data) it is unlikely that the midgut gland performs this role. 
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Abstract. We measured the rate of oxygen consumption and carbon dioxide 
production as well as energy substrates in haemolymph and flight muscles of 
carpenter bees of the genus Xylocopa at rest and after tethered lift-generating 
flight. Flight of 2 min duration at an ambient temperature of 28°C elevated ox- 
ygen consumption about 70-fold above resting rate. The respiratory quotient 
during rest and flight was 1 indicating that carbohydrates were the exclusive 
substrate oxidised. This was corroborated by measurements of metabolism. 
Carbohydrates are in high concentrations in the haemolymph. This store was 
significantly diminished during a 10-min flight period. Whereas lipids did not 
contribute to energy provisions, the proline concentration in the haemolymph 
and in the flight muscles was significantly decreased upon flight, but the 
amount can only account for a very small contribution to overall flight metab- 
olism. Polysaccharide reserves in flight muscles and whole abdomina are al- 
most non-existent. However, earlier studies had identified the crop as a source 
of oligosaccharides (Louw and Nicolson 1983). Carbohydrate metabolism is 
influenced by a metabolic peptide from the corpus cardiacum. We could iso- 
late a peptide from the corpora cardiaca of carpenter bees, which by retention 
time in HPLC and by its mass is very likely characterised as the octapeptide 
Scg-AKH-II (pGlu-Leu-Asn-Phe-Ser-Thr-Gly-Trp-NH^) previously shown to 
occur in certain Orthoptera. This is the first member of the large AKH/RPCH 
family of peptides to be identified from a hymenopteran species. Injection of 
the synthetic peptide into adult carpenter bees caused carbohydrate 
mobilisation. We suggest that the peptide targets the high sugar stores in the 
crop and speculate that it may facilitate sugar passage rate through the diges- 
tive system. 

Key words. AKH/RPCH • Carpenter bee • Energy metabolism • Insect flight 
Neuropeptide • Xylocopa 
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Introduction 

The ability to fly is one of the most conspicuous characteristics of a large 
number of insects. Flight requires huge amounts of energy and, hence, it is not 
surprising that active flight muscles of insects show the highest rate of energy 
turnover known in nature. Since these muscles perform their work complete- 
ly aerobically, extreme respiratory rates have been measured; for example, 
rates of oxygen consumption of up to 150 ml 0^ g'^ body mass h‘^ during free 
hovering flight (Casey 1989). 

Fuels utilised during flight can differ quite drastically in the various groups 
of insects. Characteristically, Lepidoptera and Orthoptera burn carbohydrates 
together with lipids; however, especially in moth species that do not feed dur- 
ing the adult stage and during sustained flight in locusts, only lipids are 
utilised (see Sacktor 1975; Beenakkers et al. 1981; Goldsworthy 1983; Wheeler 
1989; Gade 1992). In tsetse flies and certain dung beetle species proline oxida- 
tion appears to be the sole fuel for flight, whereas other beetles of the families 
Scarabaeoideae, Chrysomelidae and Meloidae oxidise proline in conjunction 
with carbohydrates (Bursell 1981; Gade and Auerswald 1998). Most species of 
the orders Diptera and Hymenoptera exclusively oxidise carbohydrates dur- 
ing flight (Sacktor 1975; Beenakkers et al. 1981; Wheeler 1989; Gade 1992). Al- 
though we have a good knowledge of flight energetics in honeybees and bumble 
bees, the physiology and energetics of flight in carpenter bees is less well 
known (Nicolson and Louw 1982). Although there is no or little storage of gly- 
cogen in honey bees and bumble bees, the digestive tract, including the crop, 
contains the necessary chemical energy in the form of non-polymeric carbo- 
hydrates (Surholt et al. 1988; Panzenbock and Crailsheim 1997). Both groups of 
Hymenoptera exclusively use carbohydrates for energy provision during 
flight as evidenced by respiratory gas measurements resulting in a respiratory 
quotient of 1 (Bertsch 1984; Rothe and Nachtigall 1989). 

In Sub-Sahara Africa there are no bumble bees. Instead, carpenter bees 
(Xylocopidae) are found. Two fairly large species of carpenter bees, Xylocopa 
capitata and Xylocopa caffra^ which fly very well, are quite common in the 
Western Cape province of South Africa. They feed on nectar and pollen pro- 
duced by the flowers of Papilionaceae and Labiatae. X. capitata depends al- 
most exclusively in this region on the blossoms of the Virgilia tree (Fabaceae) 
(Louw and Nicolson 1983). It is therefore anticipated that carpenter bees have 
a metabolism comparable to that of honey bees and bumble bees. However, 
until no experimental data are present, it cannot be argued with certainty. The 
present study, therefore, analyses the fuels during flight and uses a method of 
tethered flight in which the insect produces lift and which is assumed to close- 
ly resemble the situation during free flight in nature (see Auerswald et al. 
1998). 

Moreover, we were also interested to characterise putative substrate-mo- 
bilising neuropeptides of the adipokinetic/red pigment-concentrating hor- 
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mone (AKH/RPCH) family present in the corpora cardiaca from carpenter 
bees, since no member of the family in Hymenoptera has been identified yet 
(see Gade 1997a; Gade et al. 1997). 

Materials and methods 

Insects 

Most experiments were performed on adult carpenter bees of both sexes of 
the species X, capitata Smith with an average body mass of i.3±o.2 g. In addi- 
tion, for some experiments specimens of X. caffra Linnaeus with an average 
body mass of 0.7510.2 g were used. For comparison, some males of the latter 
species were also used to measure metabolites in body parts. Both species 
were caught near the campus of the University of Cape Town and at 
Kirstenbosch Botanical Gardens by netting when they were feeding on flowers 
of various Papilionaceae or Labiatae. The physiological state and age of the 
bees were not known. 

Insects were kept in transparent 2 1 containers with flowers of their food 
plant and with access to water at 24-26°C for 16 h. Alternatively, corpora car- 
diaca were dissected immediately after return to the laboratory. 

Flight 

Only carpenter bees which were absolutely quiescent in the container, i.e. did 
not walk around or tried to fly, were used. Experiments were performed at 
24-25°C in a constant temperature room. The carpenter bee was attached via 
the thorax to a bent insect pin using dental wax. The pin (mass 85 mg) could 
move inside a piece of metal tube (diameter 2 mm) in such a way that it was 
possible to detect whether the insect produced lift as happens during natural 
flight. This is shown in Clip 1 where a female X. cajfra is used in flight experi- 
ments. When the top of the insect pin moves up, the insect is considered to be 
producing lift. In Clip 1 the pin is pushed back with a finger to demonstrate 
that the carpenter bee will produce lift immediately again and the pin does 
rise again. The apparatus was held in a wooden clamp mounted on a stand. In 
addition, this method allows the insect to turn on its vertical and horizontal 
axes. For more details, see Auerswald et al. (1998). 

After the carpenter bee had been attached to the pin, a 1 pi haemolymph 
sample was taken from the intersegmental membrane between the thorax and 
the abdomen for the determination of metabolite concentrations. After at- 
tachment to the stand, the carpenter bee was provided with a Styrofoam ball 
for tarsal contact. The insect remained quiescent until it displayed pumping 
movements with the abdomen and started to fly thereafter. A second 1 pi 
haemolymph sample was taken immediately after the end of a 10 min flight, 
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and a third sample was taken after a 2 h period of rest following the 10 min of 
flight. The haemolymph samples were either blown into 100 pi of acetonitrile 
(80%) for amino acid determination or into 100 pi sulphuric acid (cone.) for 
determination of lipids and carbohydrates (see below). 

Whole thoraces or abdomina were separated from the rest of the body, 
wrapped in aluminium foil, and frozen in liquid nitrogen. The procedure took 
no more than 1 min. Samples were kept frozen at -20°C until further use. 

Bioassay 

Two hours prior to experimentation, carpenter bees were transferred into 
small black containers (50 ml). For bioassays, they were taken out of the con- 
tainer and wrapped in tin foil in such a way that the intersegmental membrane 
was exposed and the thorax and the abdomen could be bent to allow haem- 
olymph sampling. After 1 pi of haemolymph had been taken and blown into 
100 pi of sulphuric acid for determination of carbohydrate concentration, ei- 
ther distilled water or the synthetic peptide Scg-AKH-II was injected laterally 
into the abdomen. The insect was returned to the container and 2 h later a sec- 
ond 1 pi haemolymph sample was taken. 

Analyses of metabolites 

As described previously (Auerswald et al. 1998), 1 pi of haemolymph was tak- 
en and analysed either for the concentration of total lipids and carbohydrates 
or for the levels of the amino acids proline and alanine. Frozen thoraces and 
abdomina were broken apart under liquid nitrogen and gut and chitin re- 
moved. The remaining tissue was ground to a powder in liquid nitrogen, ex- 
tracted with perchloric acid, and polysaccharides as well as the amino acids 
proline and alanine were determined (Zebe and G’ade 1993). 

Determination of the rate of oxygen consumption and respiratory quotient 

An open flow-through respiratory system consisting of an S-3A oxygen 
analyser (Applied Electrochemistry, Sunnyvale, Calif., USA) and a 225 MK3 in- 
frared gas analyser (ADC, UK) to measure changes in the oxygen and carbon 
dioxide concentrations, respectively, was used at 28±i°C. In the respiration 
chamber, the carpenter bees were attached to an insect pin using the method 
described above (for more details, see Auerswald et al. 1998). 

Isolation and identification of peptides from corpora cardiaca 

Glands were dissected into 80% methanol and extracts were prepared as de- 
scribed previously (Gade et al 1984). The extract was applied to a Nucleosil C- 
18 column for reversed-phase high performance liquid chromatography as 
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Clip 1. For experiments in- 
vestigating metabolite 
changes during lift-gener- 
ating tethered flight, car- 
penter bees were attached 
to an insect pin using den- 
tal wax. The insect was con 
sidered to produce lift 
when the top of the pin 
went up. Here a female X. 
caffra is shown 



Clip 2. Female carpenter 
bee (X. cajfra) collecting 
nectar from flowers 



Clip 3. Male carpenter bee 
(X. cajfra) feeding on flow- 
ers 



Clip 4. Male carpenter bee displaying territorial behaviour. 
The bee is hovering in the centre of its territory and leaves 
frequently for short patrolling flights 




outlined previously (Gade 1985; see also Fig. 3). The purified fraction, which 
was active in the bioassay, was used to generate spectra of mass data using a 
Voyager Elite (PerSeptive Biosystems, Framingham, Mass., USA) matrix-as- 
sisted laser desorption/ionisation instrument. Samples were prepared in al- 
pha-cyano-4-hydroxycinnamic acid, and spectra acquired in the positive 
mode. 

Synthetic peptides 

Adipokinetic hormones of the migratory (Locusta migratoria) and desert 
(Schistocerca gregaria) locust, code-named Lom-AKH-I, Lom-AKH-II and 
Scg-AKH-II, adipokinetic hormone from the tobacco hornworm moth {Man- 
duca sexta; Mas-AKH) and the hypertrehalosaemic peptides from the Ameri- 
can cockroach {Periplaneta americana; Pea-CAH-I and Pea-CAH-II) came 
from Peninsula Laboratories (Belmont, Calif., USA). 
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Results 

Foraging and territorial behaviour 

Female X. cajfra, which are recognisable by their dark colour with yellow 
stripes, were busy foraging throughout the day and stopped flying only when 
they were collecting nectar from a flower. They did not display any long hov- 
ering periods. A short sequence of a typical foraging flight by the female X. ca- 
ffra is shown in Clip 2. In contrast, males of the same species, which are 
recognisable by their smaller size as well as by their yellow fur, were only feed- 
ing in the morning hours until midday in a similar manner as the females 
(Clip 3). Later in the day, however, the males displayed an increasingly territo- 
rial behaviour and were hovering in the centre of their territory (Clip 4). This 
was usually under a branch of a tree or bush. Periodically, the male carpenter 
bee left this place for short flights to patrol its territory and returned thereaf- 
ter to the same place under a branch from where they had started their jour- 
ney (Clip 4). When a male competitor of the same species entered the territo- 
ry, the two males fought for several minutes during which they performed 
hovering flight facing one other. In contrast, the males of X. capitata interrupt 
their flight frequently by short periods of wing-buzzing (Louw and Nicolson 

1983). 

Metabolite changes during flight 

The level of carbohydrates in the haemolymph of resting X. capitata was high 
at 36.8 ±ii. 4 mg ml'^ and decreased significantly to 23.5±i2.o mg mL^ during 
10 min of flight (Fig. 1). After 2 h of rest following a 10 min flight, the carbohy- 
drate concentration in the haemolymph had not changed and was at the same 
level as after flight. 

Fig. 1. Changes of some me- 
tabolites in the haem- 
olymph of X. capitata dur- 
ing flight. The concentra- 
tions of lipids (n=i4), car- 
bohydrates (n=i4) and of 
the amino acids proline 
(n=6) and alanine (n=6) 
are given as means ± S.D. 
during rest, after 10 min of 
lift-generating flight and 
2 h of rest after 10 min of 
flight. Significance levels of 
differences compared with 
resting concentration: 

"^P<o.02j *"^P<o.oo3 using 
paired f-test 
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The concentration of proline in the haemolymph of resting X capitata was 
low at 9.9±2.9 |imol mh^ but decreased significantly to 5.612.3 pmol mh^ dur- 
ing 10 min of lift-generating tethered flight (Fig. 1). Concomitantly, the level of 
alanine increased significantly from 0.310.2 to 4.6I2.3 pmol ml ^ During a 
resting period of 2 h following 10 min of flight, the initial concentrations of 
both amino acids were re-established. 

The concentration of lipids in the haemolymph of resting X capitata was 
low and did not change significantly during flight and subsequent rest (Fig. 1). 

The concentration of glycogen (more precisely polysaccharides) in the 
flight muscles of X caffra at rest was barely measurable at 0.54I0.35 pmol glu- 
cose equivalent g'^ fresh mass and did not change during flight nor flight and 
subsequent rest (Fig. 2). 

The concentration of proline in the flight muscles at rest was low at 
3.7I0.2 pmol g'^ fresh mass; there was a small but significant decrease to 
3. i ± o .6 pmol g'^ during a flight period of 10 min. The alanine level increased 
significantly from o.3±o.i pmol g'^ at rest to i.2±o.7 pmol g ^ after flight 
(Fig. 2). Initial concentrations of proline and alanine were restored during the 
rest period after flight. 

Because the levels of glycogen were very low in the flight muscles, we 
searched for polysaccharide reserves in abdomina of female and male carpen- 
ter bees. Resting females of X caffra had an abdominal concentration of 
2.o±o.9 |imol glucose equivalents g ^ fresh mass (/t=5), whereas the males had 
hardly any reserves in their abdomina (o.i±o.i pmol glucose equivalents g'^; 
n=4). The resting proline concentration in abdominal tissue of female (n=5) 
and male (n=4) X caffra was 2.6±i.6 and 2.7±i.i pmol g S respectively; the ala- 
nine concentration was i.8±i.4 pmol g ^ for females and o.9±i.i pmol g^ for 
males. 



Fig. 2. Changes of the con- 
centrations of glycogen, 
proline and alanine in 
flight muscle tissue of X 
ccffra at rest, after 10 min 
of tethered lift-generating 
flight and recovery follow- 
ing 10 min of flight. Values 
are means ± SD (n=s-6). 
Significance levels of differ- 
ences compared with rest- 
ing concentration: *P<o.os 
using Student’s ^-test 






82 



Oxygen consumption and respiratory quotient during flight 

The oxygen consumption of resting X, capitata at 28°C was i.i±o.2 ml g*^ 
(«=4) and the respiratory quotient was calculated to be i.oi±o.i (n=4). Lift- 
generating tethered flight for 2 min increased the oxygen consumption about 
70-fold to 75.o±5.3 ml g'^ h'^ (^^=4)- The respiratory quotient value was 
i.04±0.07 (n=4). 

Peptide purification and characterisation 

The UV elution profiles of a methanolic extract of corpora cardiaca from the 
two carpenter bee species X. capitata (ten gland equivalents, Fig. 3A) and X. 
caffra (seven gland equivalents, Fig. 3B) on an analytical RP-C-18 column both 
show a distinct UV absorbance peak at 12.4 min, which corresponds to a fluo- 
rescence peak when monitoring for the characteristics of tryptophan, a con- 
served residue at position 8 in the sequence of peptides of the AKH/RPCH 
family (Fig. 3C,D). Because the retention time of the distinct peak was close to 
those known for the peptides of certain other insects, we injected the synthet- 
ic peptides Pea-CAH-I and II, Lom-AKH-I and II, Scg-AKH-II and Mas-AKH 
as well onto the analytical column and monitored their retention times. Scg- 
AKH-II was eluted at an identical retention time (12.4 min) as the peak from 
the glands of the carpenter bee species (see Fig. 3D). When co-injected, car- 

Fig. 3. Extracts of ten cor- 
pora cardiaca from X. 
capitata and seven corpora 
cardiaca of X. cajfra were 
run on HPLC and the UV 
absorbance (A: X. capitata, 

B: X. caffra) and the fluo- 
rescence signal (C: X. capit- 
ata, D: X. caffra) recorded. 

Arrows indicate retention 
times of various synthetic 
peptides of a control run 
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penter bee peak material and Scg-AKH-II were co-eluted (data not shown). 
The material from the carpenter bee fraction had hypertrehalosaemic activi- 
ty when injected into the bees (data not shown). When peak material and syn- 
thetic Scg-AKH-II were both analysed by MALDI mass spectrometry, each 
had mass peaks at miz 956 and 972 which correspond with the theoretical val- 
ue for the sodium and potassium cationised molecule ([M-hNa]+=956; 
[M+K]+=972). This makes it very likely that the endogenous peptide in Xylo- 
copa corpora cardiaca has the primary structure pGlu-Leu-Asn-Phe-Ser-Thr- 
Gly-Trp-NH^, i.e. the same structure as Scg-AKH-II. 

Effect of Scg-AKH-II on carbohydrate levels in haemolymph 

Upon injection of 20 pmol Scg-AKH-II, the carbohydrate concentration in the 
haemolymph of X. capitata increased significantly from the initial level of 
46. o ±12.8 to 6 i . o ±22 .o mg mk^ while no significant change was observed after 
injection of distilled water (Table 1). 

Discussion 

The present study was undertaken to unravel the question of the main fuel 
source during flight of carpenter bees and, additionally, to characterise a pu- 
tative neuropeptide responsible for metabolic fuel mobilisation. 

Flight metabolism of carpenter bees 

The data provided show unequivocally that carbohydrates are the major fuel 
during flight. There are three lines of evidence. Firstly, carbohydrates are 
quantitatively the main source of oxidisable energy stored in the haemolymph 
of resting carpenter bees. The concentrations are high with about 40 mg/ml, 
which is in the same range found in the honey bee (Woodring et al. 1994), but 
a 50% lower level was reported for another carbohydrate flyer, the blowfly 
Phormia terraenovae (Wilps and Gade 1990). The lipid levels in the haem- 
olymph of carpenter bees are very low, and this is true for the proline concen- 



Table 1. Hypertrehalosaemic response in X. capitata upon injection of synthetic Scg-AKH- 
II. Values are given as mg ml'^ (mean ± SD) 





n 


Before 


After 120 min 


Difference 


Distilled water 


8 


38.0113.3 


44-5±22-4 


6.5119.5 


Scg-AKH-II (20 pmol) 


10 


46. o ±12.8 


61.0±22.0 


15.0113.0* 



"Significantly different (PKo.oi) using paired f-test 
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tration as well. Beetles, for example, which use proline in conjunction with 
carbohydrates or exclusively as fuel for flight, contain between 35 pmol 
{Decapotoma lunata; Auerswald and Gade 1995), 70 pmol mb {Scarabaeus ru- 
gosus; Gade 1997 b) and 130 pmol ml'^ {Pachnoda sinuata; Auerswald and Gade 
1995), whereas we measured only 10 pmol ml"^ in the carpenter bee. 

Secondly, upon lift-generating flight for 10 min the only metabolites that 
are used considerably in the carpenter bee are the haemolymph carbohy- 
drates. Lipids do not contribute and the changes in the concentration of pro- 
line, although significant, are not very important overall for flying (but see be- 
low). 

Thirdly, respiratory gas measurements clearly show that the respiratory 
quotient is 1 at rest and during flight. Thus, when carpenter bees are inactive 
or when their metabolism is increased by a factor of 70, as evidenced by the in- 
creased rate of oxygen consumption during flight, carbohydrates are oxidised. 
This has been shown also for their „close relatives**, the bumble bees (Bertsch 
1984) and honey bees (Rothe and Nachtigall 1989). Our measurement for the 
rate of oxygen consumption during flight, 75 ml 0^ g‘^ h'S is higher than previ- 
ously reported (52 and 66 ml 0^ g'^ h'^ for X capitata andX. californica, respec- 
tively; Chappell 1982; Nicolson and Louw 1982), suggesting that our method of 
tethered but lift-generating flight is measuring maximal power output. A sim- 
ilar mass-specific rate of oxygen consumption as for carpenter bees, namely 
between 80 and 95 ml g'^ h \ was found for bumble bees (Heinrich 1975) and 
honeybees (Withers 1981) during flight. 

In accordance with previous data on bumble bees and honeybees (Surholt 
et al. 1988; Panzenbock and Crailsheim 1997), carbohydrates are not stored in 
the form of polysaccharides in flight muscles or abdomen of carpenter bees. 
This is quite intriguing. As can be seen in the video clips, carpenter bees are 
powerful flyers and do so for long periods of time with only very short peri- 
ods of feeding stops. Especially the males of X cajfra are engaged in hovering 
flight for a significant period of time during their territorial behaviour. Such a 
flight mode is most costly. It is clear that carbohydrates from the haemolymph 
are not sufficient to support the energy for muscle contraction during such ac- 
tivity. That leaves two possibilities: either there are other reserves stored or the 
carpenter bees forage sufficient amounts of nectar. Both areas have been 
analysed previously (Louw and Nicolson 1983). According to their study onX 
Capitata, foraging females and territorial males carry a highly concentrated 
sugar solution (750 mg ml"^ in their crop. Moreover, these authors calculated 
an energy budget for foraging females where nectar from two out of the eight 
visited flowers per minute will be used to „repay** the energy costs for flying, 
while the difference is stored in the crop. 

Interestingly, we did not find a replenishment of the carbohydrate concen- 
tration in the haemolymph 2 h after a flight of 10 min. This indicates that dur- 
ing the flight period, when carpenter bees could not feed in our experimental 
set-up, the crop reserves were used up and were not available after the flight 
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for restoring the carbohydrate level in the haemolymph. In the next austral 
spring experiments could be done checking crop reserves during natural 
flight with intermitting stops for feeding versus laboratory flight without feed- 
ing. 

The levels of proline warrant one comment. Although there is no clear in- 
dication that the amino acid is used to power the flight muscles, the significant 
and roughly equimolar changes of proline and its partial oxidation product 
alanine during flight rather seem to suggest that it is used to „spark“ the Krebs 
cycle as proposed for the blowfly Phormia regina (Sacktor and Childress 
1967). However, it was recently found that proline also fulfills a role during en- 
dothermic warm-up of the African fruit beetle Pachnoda sinuata (Auerswald 
et al. 1998). During our flight experiments with carpenter bees we observed 
pumping movements of the abdomen indicative of endothermic heat produc- 
tion prior to flight activity. Carpenter bees need a flight muscle temperature of 
at least 37°C (Nicolson and Louw 1982). Thus, another area of future research 
may be to establish whether in the preparatory phase before take-off proline 
may serve for energy provision. 

The putative energy-mobilising neuropeptide 

Hypertrehalosaemic factors have been shown to occur in crude extracts of 
corpora cardiaca from the honeybee and a wasp (Woodring et al. 1994). These 
factors were effective in Periplaneta americana and in the Hymenoptera itself. 
Although isolation was successfully attempted, no structural information is 
available to date. Here we report that the hypertrehalosaemic factor in the cor- 
pora cardiaca from carpenter bees of the genus Xylocopa can very likely be at- 
tributed to a peptide of the large AKH/RPCH family. Although we have not se- 
quenced the peptide, the current evidence is strong. Retention time and mass 
data are identical to those for the known peptide Scg-AKH. No D-amino acids 
are known to occur in AKH/RPCH family peptides and if, for example, an iso- 
leucine residue would reside in the molecule instead of leucine (both have 
same mass of 113), then a different retention time would result. This is clearly 
shown for the peptides code-named Pea-CAH-II and Poa-HrTH from cock- 
roaches which contain Leu and He at position 2 respectively (Gade 1989). Thus, 
we feel strongly that carpenter bees have the peptide Scg-AKH-II which was 
first found in the locusts Schistocerca gregaria and S. nitans (Siegert et al. 1985; 
Gade et al. 1986), but has since been found in pyrgomorphid grasshoppers and 
certain Ensifera (Gade 1996; Gade et al. 1997). It is the first time, thus, that this 
neuropeptide has been characterised from a non-orthopteran insect. Injec- 
tion of synthetic Scg-AKH-II into carpenter bees elevates the carbohydrate 
level in the haemolymph. The question arises as to where the extra carbohy- 
drate is mobilised from when no stores are available in the abdomen. As ob- 
served by Louw and Nicolson (1983) in a study of carpenter bees captured dur- 
ing late austral spring, a visual inspection did not reveal the presence of any fat 
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body tissue in carpenter bees of the present study. This is, apparently, different 
to newly emerged carpenter bees which have well-developed fat bodies (Louw 
and Nicolson 1983). The extra carbohydrate resulting in the observed higher 
concentration after injection of Scg-AKH-II can be explained by mobilisation 
of stored sugars from the crop. This, then, points to a possible new action of 
the neuropeptide: it is not responsible for the activation of glycogen phospho- 
rylase as discussed for other hypertrehalosaemic peptides (Gade 1996), but 
may facilitate the passage of oligosaccharides from crop via digestive tract to 
haemolymph. It is well known from honey bees that transport of sugars from 
crop to midgut, as well as the rate of glucose absorption into the haemolymph, 
is extremely fast and matches energy requirements during flight (Crailsheim 
i988a-c). Future experiments will hopefully show that Scg-AKH-II is involved 
in this process. 
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Abstract. A 13-residue oligopeptide corresponding to a conserved region of 
the MCM family of proteins was synthesised as a multiple antigen peptide in 
which eight copies of the peptide were conjugated to an oligo-lysine core. The 
multiple antigen peptide was used for raising antibodies. Western blots of the 
polypeptides present in the DNA polymerase-a-primase complex from pea 
(Pisum sativum L.) were challenged with the antibodies which, even at a dilu- 
tion of 1:5000, clearly revealed a polypeptide of approximately 62 kDa. 

Key words. DNA polymerase • Multiple antigen peptide • MCM protein pea 
Pisum sativum 



Introduction 

Multiple antigen peptides 

Since their introduction in 1980 (Sutcliffe et al. 1980), peptide-protein conju- 
gates have been used widely to produce both anti-peptide and anti-protein se- 
ra which may be useful in the detection, identification and characterisation of 
previously unrecognised proteins. However, these conjugates exhibit a num- 
ber of problems that limit their usefulness. In particular, the carrier protein it- 
self may elicit a strong immune response, giving rise to a very high back- 
ground signal. This problem may be compounded if the anti-peptide titre is 
low. Multiple antigen peptides were originally described by Tam (1989) as a 
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means of overcoming these problems. A multiple antigen peptide consists of 
multiple copies (usually eight) of a single peptide attached to a branched 
lysine core (Fig. i) to give a molecule large enough to elicit a strong immune 
response without the interference from a large carrier protein molecule. How- 
ever, despite the proven usefulness of multiple antigen peptides (McLean et al. 
1991), they have not displaced peptide-protein conjugates which are still wide- 
ly used. Indeed, this is first reported use of a multiple antigen peptide for 
study of plant proteins. 

Minichromosome maintenance genes and proteins 

Minichromosome maintenance (MCM) genes were first described, as their 
name implies, as genes essential for the maintenance of minichromosomes in 
yeast cells. MCM genes 2-7 form a gene family now known to be essential for 
viability in unicellular and multicellular eukaryotes (Kearsey et al. 1996). The 
proteins encoded by the MCM genes are involved in the initiation of DNA rep- 
lication, and in a study of fission yeast it has been shown that this involves a 
complex of all six MCM proteins working together to „activate“ the replication 
origins by initiating the separation of the two DNA strands (Adachi et al. 
1997). For vertebrates it has been suggested that this complex forms part of the 
„licensing factor", ensuring that activation of replication origins (and hence 
initiation of replication) occurs only once per cell cycle (Madine et al. 1995). In 
addition, MCM3 is associated in mammalian cells with DNA polymerase-a, 
the polymerase involved in initiation of daughter-strand synthesis (Thommes 
et al. 1992; Toyn et al. 1995) leading to our suggestion that this particular MCM 
protein provides a link between the activation of the origins and the initiation 
of the replication process per se (Bryant 1997). In plants, genes with close ho- 
mology to MCM3 have been detected in pea {Pisum sativum) (Moore et al. 
1997) and in maize {Zea mays) (Sabelli et al. 1996) although nothing is known 
about the subcellular distribution of the corresponding protein. 



Fig. 1. Generalised structure 
for multiple antigen pep- 
tides 
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Fig. 2. Sequence of the pep- 
tide synthesised to form the 
multiple antigen peptide 



HEVMEQQTVSIAK 



Aims of this work 

In the work described here the aim was to design and synthesise a multiple 
antigen peptide that would be used to generate antibodies for 
immunodetection of MCM-like proteins in pea. The results indicate that at 
least one MCM-like protein is associated with the pea DNA polymerase-a- 
primase complex. 

Materials and methods 

Design of the multiple antigen peptide 

The peptide selected for synthesis (Fig. 2) forms part of the putative DNA-de- 
pendent ATPase domain, which is strongly conserved in all MCM proteins 
(Koonin 1992). 

Peptide synthesis 

Peptide synthesis was carried out by conventional flow techniques using di- 
isopropylcarbodiimide/i-hydroxybenzotriazole pre-activation of N-a-Fmoc- 
protected amino acids with acid-labile side-chain protection (Atherton and 
Sheppard 1989). The solid-phase resin (2.5 g, 0.1 mEq g *) was packed in a 
100X50 mm glass column and reagents for synthesis were pumped through a 
manually operated two-valve synthesiser. The lysine core of the multiple anti- 
gen peptide was prepared by reducing the resin loading rate by 88%, adding 4- 
hydroxymethylphenoxyacetic acid (acid-labile linkage agent), an alanine 
spacer and then consecutive lysine residues (di-Fmoc-protected) until eight 
amino groups were available per molecule. The peptide sequence was then 
built up stepwise on all eight branches at the same time. Amino acids were ap- 
plied in a fourfold excess in M,N-dimethylformamide (DMF) with the addition 
of bromophenol blue, and were recycled until the resin turned from the initial 
strong blue colour to yellow or pale green. After washing the resin with DMF, 
the Fmoc groups were cleaved by treatment with piperidine (20% in DMF) 
and the resin was again washed with DMF ready for the next amino acid addi- 
tion. This cycle was repeated until all the amino acids were added. Final side- 
chain removal and cleavage from the resin were achieved simultaneously by 
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treatment with trifluoroacetic acid:triisopropylsilane:water (95:2.5:2.5) for 
2.5 h. Eluted material was concentrated and precipitated by addition of dieth- 
yl ether. The product, a white solid, was dissolved in water and freeze-dried. 
The purity of the product was checked by reverse-phase HPLC and by amino 
acid analysis. 

Antibodies 

Antibodies against the multiple antigen peptide were raised in rabbits using 
conventional techniques. This was done by Immune Systems, Paignton, De- 
von, UK. Briefly, rabbits were injected at monthly intervals with 0.5 mg peptide 
(dissolved in 1.0 ml Hunter’s Titre-Max adjuvant). Bleeds were taken 10 days 
after each immunisation and bleeds two, three and four were used in Western 
blots. 

Protein preparation and fractionation 

DNA polymerase-a-primase was prepared from pea shoot apices as described 
by Bryant et al. (1992), fractionated by SDS-polyacrylamide gel electrophore- 
sis at 22°C and blotted onto nitrocellulose as described by Al-Rashdi and Bry- 
ant (1994)- 

immunodetection 

Blotted proteins were probed with antibodies and the bound antibodies were 
detected with secondary antibodies (goat-anti-rabbit) conjugated to alkaline 
phosphatase as described by Fido et al. (1993). 

Results and discussion 

Antisera from the second, third and fourth bleeds from the immunised rabbit 
were used in Western blotting experiments with the DNA-polymerase-a- 
primase complex from pea. The second bleed did not give any clear signal but 
the antisera from both the third and fourth bleeds gave a very well-defined 
band with an apparent molecular weight of 62 kDa and much fainter bands at 
approximately 45 and 28 kDa (illustrated for the third bleed in Fig. 3). The 62- 
kDa band was clearly visible at antiserum dilutions as great as 1:5000. It was 
not seen in the lanes that were probed with pre-immune serum although there 
were two diffuse bands which reacted with the pre-immune serum (at a dilu- 
tion of 1:500), one of which is visible in the lanes probed with the anti-serum. 

These results show clearly the utility of multiple antigen peptides in a strat- 
egy for detecting proteins for which some sequence data are available. Partic- 
ular attention is drawn to the strength and clarity of the signal obtained, even 
at low antiserum concentrations, and to the absence of an equivalent signal 
with the pre-immune serum. 




93 



Fig- 3 - Western blot of the DNA polymerase-a-primase I 

complex probed with antibodies (as described in Materials 
and methods) raised against the multiple antigen peptide. 

The third bleed from the immunised rabbit was used in 
this experiment. Lane i: 1:1000 dilution of antiserum; lane 
2: 1:5000 dilution of antiserum; lane 3: pre-immune serum, ^ 
diluted 1:500; lane 4: molecular weight markers. In each of 
lanes 1-4 the protein loading was 10 pg DNA polymerase- 
a-primase complex from pea (Bryant et al 1992) 



Equally interesting is the presence in the DNA polymerase-a-primase 
complex of an antigen recognised by antibodies raised against a highly con- 
served MCM peptide sequence. Although it has not yet been possible to obtain 
enough of this antigen for partial sequencing, it is suggested that it is likely to 
be a pea homologue of the mammalian MCM3 (sometimes known as Pi) 
which is also associated with DNA polymerase-a (Thommes et al. 1992). Fur- 
ther indirect evidence supporting this view is the identification by Moore et al. 
(1997), in a cDNA library from pea shoot apices, of a clone with a very marked 
sequence similarity to mammalian MCM3 and to ZmroUy a putative MCM3 ho- 
mologue from Zea mays (Sabelli et al. 1996). Furthermore, the deduced amino 
acid sequence within the putative ATPase domain of the pea MCM3 homo- 
logue differs in only one amino acid residue from the sequence used in syn- 
thesis of the multiple antigen peptide and in two amino acid residues from the 
corresponding region of the human MCM3 (Fig. 4). However, it must also be 
pointed out that, at 62 kDa, the MCM-like protein associated with the DNA 
polymerase-a-primase of pea is markedly smaller than the human MCM3 
protein. This may be a general feature of plant MCM proteins since the small 
number of such proteins detected either as antigens or as cDNAs are all small- 
er than those detected in other eukaryotic organisms. 

Acknowledgements. We thank the Exeter University Research Fund and the 
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Fig. 4. Part of the putative 
ATPase domain in the de- 
duced amino acid sequence 
of the pea MCM3 aligned 
with the equivalent region 
in the deduced amino acid 
sequence in human MCM3. 
The oligopeptide corre- 
sponding to that used for 
synthesis of the antigen is 
underlined 



Human 


AIHEVMEQGRVTIAKAGI 


Pea 


AIHEVMEOOTVTIAKAGI 
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Abstract. A novel method for the comparative analysis of cell motility by di- 
rect viewing was developed and used in a preliminary study of sarcoma cells. 
Three cell lines from the RPS family of sarcomas in inbred LEW/CUB rats 
which differ in the incidence of spontaneous metastasis were studied. A sys- 
tem of four different culture conditions, designed to mimic the stress within 
the tumour, was created by changing and combining two variables: the pH of 
the medium (with 2% calf serum only), which was either physiological at 7.4 or 
6.6; and the adhesiveness of the culture substratum, which was either at a 
standard level or decreased. It was found that changing the pH from 7.4 to 6.6 
in a single step slowed the cells down, and also changed the way in which they 
moved, from „walking“ in random directions to moving in a more directional 
way. Making the culture surface less adhesive sped up cell locomotion. De- 
creasing the adhesiveness of the culture substratum and the pH simultaneous- 
ly stimulated the migration of highly metastasizing cells preferentially. Thus 
we have found a way to distinguish between highly metastasizing A297Nb sar- 
coma cells and poorly metastasizing T15 and non-metastasizing K2 sarcoma 
cells, a distinction that could not be made by a simple examination of the cells. 
It is concluded that a comparison of cell motility by directly viewing the cells 
under different conditions may be useful when investigating the in vitro mo- 
tility properties of malignant cells. 

Key words. Motility assay • Stress conditions • Tumour cells 



Correspondence to: L. Pavlikova (e-mail: luba@zeus.img.cas.cz) 




98 



Introduction 

Tumour cell locomotion plays a role in tumour invasion and in the formation 
of metastases (Liotta and Stetler- Stevenson 1993). Therefore, the motility of 
neoplastic cells from experimental tumours and human malignancies may in- 
dicate their potential to cause malignancies. Although a number of indirect in 
vitro assays of tumour cell invasion have been devised, they often fail to pre- 
dict the metastatic capacity (Noguchi et al. 1978; Noel et al. 1991). These assays 
are based on a histological examination that cannot, of course, analyse the 
cells’ mode of actual motility. Therefore, it is very desirable to use time-lapse 
microscopy to analyse the pattern of neoplastic cell migration. We have em- 
ployed computerized time-lapse grabbing (Zicha and Dunn 1995) of phase- 
contrast images of tumour cells cultured in a new observation chamber. The 
comparative assessment of motility is based on a system of four culture situa- 
tions, determined by setting two variables at one of two levels - standard and 
stress inducing. The first variable is the pH, which is set either at a physiolog- 
ical level of 7.4 or slightly acid at 6.5, which simulates the extracellular pH in- 
side the tumour (Aoki et al. 1996). The other variable is the adhesiveness, 
which is either standard on the tissue culture dish (T.C.) or decreased on the 
bacteriological polystyrene culture dishes (B.C.). The reason for choosing the 
less adhesive culture surface was that Vesely (1993) observed a higher inci- 
dence of the activated to locomotion morphotype in tumour cells cultured on 
such a substrate. The motility patterns of three neoplastic cell lines from the 
family of the rat RPS sarcomas (Vesely et al. 1987), which differ in their inci- 
dence of spontaneous metastasis, were studied. It was found that persistence 
of movement of highly metastasizing AigjNh cells, which were not shown to 
disperse significantly more than poorly metastasizing cells (Pavlikova et al., in 
preparation) in the indirect QTCM test (Matouskovd et al. 1989), is induced by 
conditions of stress. The results achieved justify the method, which involves 
challenging the cells in vitro by stress-inducing culture conditions (i.e. slight- 
ly acidic medium and less adhesive substratum), as it reveals the otherwise 
hidden motility potential of the highly metastasizing sarcoma cells. 

Materials and methods 

Cells 

Three neoplastic cell lines were used, all of which belong to the family of spon- 
taneously metastasizing RPS sarcomas in inbred LEWIS rats (Vesely et al. 
1987). They differ in the actual incidence of spontaneous metastasis (Pavlikovd 
et al. in preparation). 

The Kz IX clonal cell line is a neoplastic population derived from in vitro 
spontaneously transformed embryonic fibroblasts of the inbred rat strain 
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Fig. i.Temperature-controlled observation chamber CTOC 
35. Its design enables the use of standard T.C. 35-mm poly- 
styrene culture dishes and the medium to be changed dur- 
ing filming without disturbance 




LEW/CUB (Vesely and Weiss 1973). The subpopulation IX was chosen because 
it does not metastasize spontaneously after subcutaneous injection into in- 
bred LEW/CUB rats. 

The T15 IV clonal cell line was derived from the Ki cells, after going 
through neoplastic progression in vitro and in vivo, by clonal selection for 
morphotype and malignancy (Vesely et al. 1987). The T15 IV cells induced sub- 
cutaneous tumours that shed metastases in 25% of the inoculated animals in 
the lung. 

The A297 Nb II cell line was isolated in a similar way to the T15 cells. The 
A297Nb cells repeatedly caused a 100% incidence of spontaneous metastasis 
in the lung. 

Culture media 

MiH medium was used for culturing the cells. This medium is Eagle’s mini- 
mum essential medium with all non-essential amino acids supplemented with 
10% calf serum. 

p2 medium is the same medium, but with the NaHC03 concentration de- 
creased to one-third (o.35g%), without phenol red, supplemented with 2% calf 
serum only, and set to the appropriate pH level, i.e. 7.4 or 6.6, using 20 mM TES 
or BES buffer respectively. 

Microscope and image analysis equipment 

A Nikon Diaphot 300 inverted microscope with LWD phase-contrast optics, a 
high-performance COHU CCD camera and a Sony Trinitron Monitor, all at- 
tached to Matrox grabber in Cyrix 166 MHz PC, were used. The programs 
dr.exe for time-lapse grabbing of images and dp.exe for projecting the images 
and evaluation ofxyy co-ordinates of cell positions were originally developed 
by D. Zicha (Zicha and Dunn 1995). The Microsoft Excel 97 program was used 
for evaluation of the data obtained. 

A new design for a temperature-controlled observation chamber (CTOC 35) 

The new chamber (Fig. 1) was made to accommodate either a standard 35-mm 
polystyrene T.C. dish or dish-like holder of 24-mm-diameter round coverslips 
for high-resolution work. It has provision for exchanging media and the in- 
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built controlled heating regulates the temperature of the cells under observa- 
tion at 37°C while the background temperature of the whole microscope is 
maintained just below 3o°C by a separate temperature-control system. The 
CTOC 35 was designed and made in collaboration with the Special Optical 
Systems, Prague, Czech Republic. 

Preparation of cells for time-course microscopy 

Cells were seeded on 35-mm diameter T.C. dishes (NUNC, Roskilde, Denmark) 
in MiH medium. After a 48-h cultivation, the dish was washed once with F2 
medium at the appropriate pH. Then the same medium was added and the 
dish was placed in the heated CTOC 35 chamber, which was then placed in the 
microscope for preliminary stabilization of the environment. When cells were 
to be cultivated on the bacteriological surface (B.C.), they were seeded onto a 
60-mm-diameter dish on the internal side of an inserted 33-mm-diameter 
disc cut out from the bottom of the bacteriological dish (GAMA, Cesk^ Bu- 
dejovice, Czech Republic). After a 48-h cultivation in MiH medium, the disc 
was taken out, washed in Fz medium at the appropriate pH, put into a 35-mm- 
diameter NUNC cultivation dish with the same medium, and placed in the 
heated CTOC 35 chamber. Then after a i-h period of stabilization in the micro- 
scope the time-lapse recording of images of selected suitable cells began. 

Design of the experiment 

Every experiment lasted for 6 h. The interval between pictures was 2 min. The 
resulting movie (series of digital images) contains 180 pictures each of which 
indicates x,y positions of approximately ten cells in one frame selected for the 
minimum of cell-to-cell contacts. 

Assessment of cell motility 



A^-l 

TCT = '^T. 

1=1 



A tracking program (Zicha and Dunn 1995) was used to acquire positions 
(Xj,y,) of a cell over N frames (f=i^...,N). For a cell remaining in the observa- 
tion field during the whole film N=i8o. The total cell track (TCT) was calcu- 
lated as a summary of distances between cell positions, where: 
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TCT is expressed in pm. The actual cell speed (ACS,) over each 2-min interval 
was calculated as TJi min and is therefore expressed in pm min ^ The mean 
cell speed (MCS) of the cell was calculated as a mean value of ACS: 



MCS = 



N-\ 

'Lacs, 



i=\ 



N-l 



Mean population speed (MPS) was calculated as average MCS from all cells in 
a film. For final appreciation, the idealized cell track (ICT) for each experi- 
ment was computed by multiplying the MPS by 360 min. 

Results 

Analysis of data 

A slightly acidic medium pH of 6.6 compared with the standard pH of 7.4 on 
the T.C. surface caused a drop of the ICT of all cells examined to almost half. 
Raw data are shown in Tables 1 and 2 and the change in the percentage of the 
standard value (pH 7.4 and T.C. surface) in Table 3. 

A slightly acid medium pH of 6.6 (compared with the standard pH of 7.4) 
on the B.C. surface caused a drop of the ICT of all cells examined, but to a 
slightly lesser extent than on the T.C. surface; for K2 cells the change was al- 
most negligible. The speeds are shown in Tables 1 and 2 and the percentage 
change in the standard value (pH 7.4 and T.C. surface) in Table 3. 

The less adhesive surface (compared with the T.C. surface) at both pH val- 
ues tested caused the ICT of A297Nb cells to increase significantly and the ICT 
of T15 cells to increase markedly, but it had no significant effect on that of K2 
cells. Raw data are shown in Tables 1 and 2 and the percentage change in the 
standard value (pH 7.4 and T.C. surface) in Table 3. 



Table 1. Review of the idealized cell tracks (ICTs) under the combinations of the variables 
examined. The values are given in jim. The ICT is computed by multiplying the average 
speed of the population under the given conditions (MCS) by total length of the experi- 
ment (360 min) 







pH 6.6 






pH 7.4 




T.C. 




B.C. 


T.C. 


B.C. 


K2IX 


56.08 




72.00 


90.73 


85.80 


T15IV 


139.00 




263.30 


278.50 


404.90 


A297NbII 


139.50 




437.13 


242.70 


731.20 
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Table 2. Review of the mean speed of the cell population (MPS) in the combinations of the 
variables examined. The values are given in pm/min. MPS is mean value of mean speed of 
all cells (MCS) on the film. The B.C./T.C. column shows how much more is the MPS on bac- 
teriological surface higher than on the tissue surface 



pH 6.6 pH 7.4 





T.C. 


B.C. 


B.C./T.C. 


T.C. 


B.C. 


B.C./T.C. 


K2 IX 


0.157 


0.201 


1.28 


0.253 


0.240 


0.94 


T15 IV 


0.388 


0.735 


1.89 


0.778 


1.131 


1.45 


A297NbII 


0.389 


1.187 


2.57 


0.678 


2.040 


3.01 



Table 3. The relative changes of ICT (it is the same as for MPS ). The data in the first two 
rows are the ICT values at pH 6.6 as a percentage of the ICT value at pH 7.4 for cells grown 
on the tissue culture dish (TCD) and the bacteriological culture dish (BCD). The data in the 
third row are the ICT values for cells grown on BCDas a percentage of the ICT values for 
cells grown on the standard TCD at pH 7.4; data in the fourth row are as for the third row, 
but for cells grown at a pH of 6.6 







K2IX 


T15IV 


A297NbII 


pH 6.6/pH 7.4 


TCD 


63% 


50% 


57% 




BCD 


84% 


65% 


60% 


B.C./T.C. 


pH 7.4 


94% 


145% 


301% 




pH 6.6 


128% 


189% 


257% 



Analysis of images 

The nature of the cell tracks is shown in Figs. 2-4 (parts a-d). It is clear that 
changing the pH to 6.6 increased the persistence of cell locomotion on the 
standard T.C. surface, with the effect being least significant on the K2 cells and 
most significant on the A297Nb cells, with that on the T15 cells being interme- 
diate. This effect is further enhanced by the bacteriological surface which by 
itself stimulates the motility at both values of pH. 

Figure 5 shows histograms of the distribution of the motile activity of the 
five most motile A297NbII cells under the following conditions: (1) pH 7.4 and 
T.C. surface; (2) pH 6.6 and T.C. surface; (3) pH 7.4 and B.C. surface; (4) pH 6.6 
and B.C. surface. The ACS, (where f=i,. . .,180 for every cell) values are given on 
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Fig. la-d. Cell trajectories 
of all K2 IX cells from the 
films taken under the fol- 
lowing experimental condi- 
tions. a pH 7.4 and tissue 
culture surface; b pH 6.6 
and tissue culture surface; c 
pH 7.4 and bacteriological 
surface; d pH 6.6 and bac- 
teriological surface. The to- 
tal length of the celTs tra- 
jectory was designated TCT 




I 

c 




. / 

I 

1 

d 



Fig.3a-d. Cell trajectories 
of all T15 IV cells from the 
films taken under the fol- 
lowing experimental condi- 
tions. a pH 7.4 and tissue 
culture surface; b pH 6.6 
and tissue culture surface; c 
pH 7.4 and bacteriological 
surface; d pH 6.6 and bac- 
teriological surface. The to- 
tal length of the celTs tra- 
jectory was designated TCT 




the graph. The frequency of movement speed in the population is on j^-axis. 
These results show the role of changing the pH and the surface adhesiveness 
in the induction of the accelerated motility of the most malignant cells exam- 
ined. 

Figures 6-8 (parts a-d) show the initial (time-zero) image from the movies 
obtained in the experiments. Notice the changed phenotype of cells on the 
bacteriological dish surface in parts b and d of the figures. The demonstration 
movies are shortened versions of the original recordings produced by taking 
every fifth picture only. 
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Fig. 4a-d. Cell trajectories 
of all A297Nb II cells from 
the films taken under the 
following experimental 
conditions, a pH 7.4 and 
tissue culture surface; b 
pH 6.6 and tissue culture 
surface; c pH 7.4 and bacte- 
riological surface; d pH 6.6 
and bacteriological surface. 
The total lengA of the cell’s 
trajectory was designated 
TCT 




Fig. 5a-d. Histograms 
showing the distribution of 
A297NbII cell motile activi- 
ty under various condi- 
tions. The five most motile 
cells from every movie re- 
corded were chosen. Their 
actual values of speed dur- 
ing ail 2-min intervals 
(ACS) observed are given in 
the graph. The ACS values 
throughout the experiment 
are given on the x-axis in 
pm/min and the frequency 
of the occurrence is given 
ony-axis. The cells were in- 
vestigated under the fol- 
lowing conditions: a pH 7.4 
and tissue culture dish; b 
pH 6.6 and tissue culture 
dish; c pH 7.4 and bacterio- 
logical tissue dish; d pH 6.6 
and bacteriological tissue 
dish 








Fig. 6. First images of the 
movies showing the K2 IX 
cell line at: a pH 7.4 and tis- 
sue culture surface; b 
pH 7.4 and bacteriological 
culture surface; c pH 6.6 
and tissue culture surface; 
d pH 6.6 and bacteriologi- 
cal culture surface. The 
shorten version of each 
movie demonstrating the 
behaviour of the cells un- 
der specified conditions 
can be seen by clicking on 
this first picture 



Fig- 7 - First images of the 
movies showing the T15 IV 
cell line at: a pH 7.4 and tis- 
sue culture surface; b 
pH 7.4 and bacteriological 
culture surface; c pH 6.6 
and tissue culture surface; 
d pH 6.6 and bacteriologi- 
cal culture surface. The 
shorten version of each 
movie demonstrating the 
behaviour of the cells un- 
der specified conditions 
can be seen by clicking on 
this first picture 
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Fig. 8. First images of the 
movies showing the 
A297Nb II cell line at: a 
pH 7.4 and tissue culture 
surface; b pH 7.4 and bacte- 
riological culture surface; c 
pH 6.6 and tissue culture 
surface; d pH 6.6 and bac- 
teriological culture surface. 
The shorten version of the 
movie demonstrating the 
behaviour of the cells un- 
der specified conditions 
can be seen by clicking on 
this first picture 




Discussion 

Tumour cell invasion and metastasis are the major cause of death in cancer 
patients. They are both complex phenomena. The course of the invasion and 
metastasis has been divided by investigators into a series of defined steps each 
of which can be further analysed. As the locomotory potential of malignant 
cell plays an important role in both invasion as well as metastasis, there have 
been numerous attempts to characterize it in in vivo (McDonald et al. 1998) 
and in in vitro systems. 

Although a number of in vitro assays of tumour invasion have been devel- 
oped (e.g. chick chorioallantoic membrane invasion, mouse lung invasion, 
chemotaxis-invasion assay, invasion to the monolayer of fibroblasts, chick em- 
bryonic skin invasion) they fail often to predict the metastatic capacity of the 
tumour cells (Noguchi et al. 1978; Noel et al. 1991). The few indirect assays of 
tumour cell locomotive capacity rarely reveal the metastatic potential of the 
tumour in question. For example, in the in vitro wound colonization assay, i.e. 
determination of speed of migration of cells into the artificial wound made in 
the confluent sheet of cells (Liao et al. 1995), it is very difficult to determine the 
contribution of neat cell migration versus pressure from behind caused by 
proliferation of the surrounding cells. The QTCM test developed in our labo- 
ratory (Matouskova et al. 1989) indirectly estimates the migration of cells at 
the population level by comparative evaluation of the dispersion of cells in 
colonies derived from single cells after 72 h of cultivation. The results obtained 
imply that cells are more motile in acidic media (pH 6.6), as the dispersion at 
this pH was higher for every cell population examined. In the majority of the 



107 



cell lines examined, the increase of the final dispersion coincided with the in- 
crease of their in vivo metastatic activity. The QTCM test could not differenti- 
ate between A29/Nb cells, which repeatedly had a 100% incidence of sponta- 
neous metastasis in inbred rats LEW/CUB, and T15 cells, which have less met- 
astatic activity (L. Pavlikova, unpublished observation). Therefore, we decided 
that direct observation of cell motility may provide more relevant information 
with respect to the metastatic potential of these cell types. 

We have devised an assay based on comparing the motile behaviour of cells 
under different conditions in vitro. It was hoped at the outset that such an ap- 
proach, designed to mimic the in vivo conditions in the tumour, would yield 
more valuable information about the locomotory potential of the cells under 
study. After a thorough consideration of the importance, reliability and man- 
ageable complexity of the experimental methods, we choose two factors - the 
pH and the adhesion of the culture surface. In order to imitate intratumour 
conditions, a slightly acid pH of 6.6 and a less adhesive surface of the bacteri- 
ological dishes were used to challenge the cells. For the selection of an acid pH 
we took our previous works into consideration. This simulation of in- 
tratumour conditions (Aoki et al. 1996) led to increased directionality of 
movement (Vesely et al. 1987; Zicha et al. 1993), greater secretion of cathepsin 
B (Kfepela et al. 1989), an altered actin cytoskeleton (Pokorna et al. 1994), in- 
creased intracellular motility (Vesely et al. 1994) and increased secretion of 
neutral proteinases (Chaloupka et al. 1998) in our model rat sarcoma cell lines. 
The occurrence of the activated to locomotory phenotype (Vesely 1993) of the 
rat sarcoma cells cultured on the bacteriological dish was the main reason for 
using a culture dish with a less adhesive surface. We used medium containing 
2% calf serum only, as this was found to be best for investigating chemotaxis 
in vertebrate cells (D. Zicha, unpublished observation). A lower serum concen- 
tration seems to be a factor that slightly reduces cell multiplication and acti- 
vates movement. 

The results obtained by directly viewing the cells when in an acidic pH con- 
tradict those obtained using the QTCM method (Matouskova et al. 1989) and 
time-lapse cinemicroscopy of related rat RPS sarcoma cell lines (Zicha et al. 
1993; Pokorna et al. 1994)- In all our experiments presented in this article, the 
surface speed of the cells at pH 7.4 was higher than at 6.5. In the QTCM test, the 
dispersion of the colony is attributed mainly to cell multiplication and the in- 
creased directionality of cells in the Gi phase of growth. The eventual regres- 
sive movement of the cell is not reflected by the final intercellular distances. It 
is not even reflected by the position of the cells measured every 20 min, which 
was the case in the time-lapse data of experiments of Zicha et al. (1993) and 
Pokorna et al. (1994). It accounts for the fallacious presumption that cells have 
greater motility at an acidic pH, which was derived from the results of the 
QTCM test which only measures the final position of the cells. The long sam- 
pling period used in the cinemicroscopy method (i.e. 20 min between frames) 
means that this technique could not resolve the random nature of cell motili- 
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ty at a pH of 7.4. The more accurate direct- viewing approach with ten times 
shorter intervals between frames (2 min versus 20 min) reveals the random 
but faster walk at pH 7.4 and the persistence of cell migration at pH 6.6. 

The bacteriological polystyrene B.C. surface caused the cells to accelerate. 
While the more malignant cell lines were able to accelerate by a factor of 2-3, 
the least malignant K2 IX cell line was not sensitive to the stimulation provid- 
ed by the B.C. surface, and their movement remained constant and slow. At this 
stage of the study it would be premature to speculate about the role of adhe- 
sion molecules connected to the cytoskeleton in this phenomenon or about 
the greater production of autocrine motility factor on the less adhesive sur- 
face. Nevertheless the difference between the mode and extent of migration of 
the neoplastic cell lines examined correlates with their metastatic potential in 
vivo. 

Thus it can be deduced that the ability of highly malignant cells to cope in 
vivo with both an acidic intercellular pH and impaired adhesion can provide 
highly malignant cells with the opportunity to migrate, which is the beginning 
of the metastatic cascade. It seems justifiable to conclude that by comparing 
the pattern of cell motility under different conditions by directly viewing the 
cells, we are able to detect locomotory attributes of neoplastic cells that are 
significant for malignancy. 
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Abstract. White- tailed prairie dogs {Cynomys leucurus) are spontaneous hi- 
bernators that enter torpor each fall, whereas black- tailed prairie dogs (C. 
ludovicianus) hibernate facultatively only when food- or water- stressed dur- 
ing the winter. The body masses of both species greatly increase during the fall 
feeding period, with most of this gain in the form of depot fat. Body fat is uti- 
lized during winter fasting and/or hibernation. We measured the activities of 
fatty acid synthase (FAS), ATP-citrate lyase (ACL), malic enzyme (ME), glu- 
cose-6-phosphate dehydrogenase (G6PDH), and hormone-sensitive lipase 
(HSL) in the tissues of both C. leucurus (hibernating and euthermic) and C. 
ludovicianus (euthermic only) under controlled conditions. The activities of 
FAS, ACL, and G6PDH in the liver all decreased during hibernation. The activ- 
ities of ME and G6PDH in white adipose tissue (WAT) were also reduced dur- 
ing hibernation. Euthermic C. leucurus and euthermic C. ludovicianus dif- 
fered only in brown adipose (BAT) ACL and WAT G6PDH activities. No signif- 
icant differences in HSL activities were found between these two species or be- 
tween euthermic and hibernating animals. These results suggest that this sea- 
sonal body fat cycle is due, at least in part, to seasonal variations in the activi- 
ties of FAS, ME, ACL, and G6PDH that affect the rate of fatty acid synthesis. 
This study also demonstrates that spontaneous hibernators do not have a 
greater capacity to synthesize fatty acids during the fall than facultative hiber- 
nators, as previously suggested. 
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Introduction 

Ground squirrels {Spertnophilus sp.), marmots (Marmota sp.), and prairie 
dogs {Cynomys sp.) are all closely related members of the same monophyletic 
group in the family Sciuridae (Hafner 1984), and they hibernate for periods of 
up to 8 months during winter (Heaney 1984). These hibernators are often di- 
vided into two broad categories: spontaneous and facultative. Spontaneous hi- 
bernators enter torpor every fall/winter regardless of the amount of food and 
water available. Facultative hibernators, in contrast, remain euthermic 
throughout most of the fall and winter, and become torpid only when food 
and/or water is unavailable (Folk 1974; Davis 1976; Mrosovsky 1978). Previous 
field studies reveal that, during late summer/early fall, the body masses of 
both spontaneous and facultative hibernators increase by 35-45%, mostly in 
the form of body fat (Morton 1975; Kenagy and Barnes 1988; Thompson et al. 
1993). Feeding rates more than double during this period (Loehr and Risser 
1977; Kenagy 1987). Although depot fats are the main (but not only) source of 
energy utilized during torpor by spontaneous hibernators (Kayser 1965), fac- 
ultative hibernators metabolize large amounts of protein as well as fat during 
torpor (Harlow 1995). Since the body masses (and fat contents) of all hiberna- 
tors decrease dramatically during winter (Kenagy and Barnes 1988; Thomp- 
son et al. 1993), hibernation is considered to be a biochemical state compara- 
ble to prolonged fasting (Krilowicz 1985). 

The biochemical basis of this pronounced annual cycle of body fat content 
is poorly understood. The short-term regulation of fatty acid synthesis is me- 
diated by the reversible phosphorylation of acetyl CoA carboxylase (Szepesi et 
al. 1989), whereas its long-term regulation is due to changes in the activities of 
the enzymes of fatty acid synthesis (Mead et al. 1986). Long-term regulation is 
achieved by varying cellular mRNA contents for enzymes such as glucose 6- 
phosphate dehydrogenase (G6PDH), malic enzyme (ME), ATP-citrate lyase 
(ACL), and fatty acid synthase (FAS) which in turn regulates the amount of 
these enzymes synthesized ( Wakil et al. 1983). The regulation of fatty acid ox- 
idation in mammals is complex, but a key step in this process is the control of 
hormone-sensitive lipase (HSL) by reversible phosphorylation. HSL is the pri- 
mary enzyme responsible for the liberation of fatty acids from stored triacyl- 
glycerols (Mead et al. 1986), and it is activated through phosphorylation by 
protein kinase A. 

Laboratory studies conducted by Mostafa et al. (1993) involving tissues 
from euthermic and hibernating marmots {Marmota flaviventris) concluded 
that the FAS activity in both liver and white adipose tissue (WAT) decreases 
dramatically during hibernation. The examination of liver tissues from both 
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euthermic and hibernating golden-mantled ground squirrels {Spermophilus 
lateralis) by Walter et al. (1996) also suggested that the activity of FAS in liver 
decreases during hibernation. Studies of free-ranging Richardson’s ground 
squirrels (S. richardsonii), a spontaneous hibernator, revealed much greater 
FAS activity in WAT during the fall fattening period compared with the FAS 
activity in the WAT of free-ranging black-tailed prairie dogs (C. ludovicianus), 
a facultative hibernator (Turner et al. 1989; Thompson et al. 1993). These re- 
sults led Thompson et al. (1993) to propose that spontaneous hibernators gen- 
erally have a greater capacity to synthesize fatty acids than facultative hiber- 
nators. A fourfold increase in HSL mRNA was found in the WAT of hibernat- 
ing marmots {M, flaviventris) when compared to that of WAT from euthermic 
marmots, thus it has been suggested that lipolysis increases during hiberna- 
tion (Wilson et al. 1992). 

The results of these studies conducted by Turner et al. (1989), Mostafa et al. 
(1993), Wilson et al. (1992), Thompson et al. (1993), and Walter et al. (1996) are 
all impossible to interpret because of the following flaws in their designs. FAS 
activity in liver and WAT increases as the total lipid content of the diet de- 
creases (Herzberg 1983; Mead et al. 1986). Laboratory rats maintained on a di- 
et with a high fructose/starch ratio have higher FAS, ACL, ME, and G6PDH ac- 
tivities in their livers than those maintained on a diet containing a relatively 
lower fructose/starch ratio (Fiebig et al. 1998). These studies indicate that all 
experiments investigating the enzymes involved in fatty acid synthesis must 
consider the lipid content and fructose/starch ratio of the diet. All of the tis- 
sues examined in the studies conducted by Turner et al. (1989) and Thompson 
et al. (1993), and those of the euthermic group in Walter et al. (1996), were from 
free-ranging animals. Diet composition was unknown in these studies, thus it 
is quite possible that some or all of the differences in enzyme activities ob- 
served were caused by dietary variations in total lipid content and/or fruc- 
tose/starch ratios. The „hibernating“ tissues examined by Mostafa et al. (1993) 
were in fact collected from euthermic marmots that had been previously 
forced to arouse from torpor; therefore, it is not certain that the enzyme activ- 
ities reported by these authors actually represent those during natural torpor. 
Wilson et al. (1992) did not measure the actual activities of phosphorylated 
HSL in the marmot WAT samples that they examined, thus their hypothesis 
that lipolysis increases during hibernation lacks support. 

What is the relationship between hibernation and (1) fatty acid synthesis, 
or, (2) lipolysis? Do spontaneous hibernators have a greater capacity to syn- 
thesize fatty acids than facultative hibernators? We conducted laboratory ex- 
periments with white-tailed (C. leucurus) and black-tailed (C. ludovicianus) 
prairie dogs in order to better understand the biochemical basis of the body 
fat cycles associated with hibernation. White-tailed prairie dogs are spontane- 
ous hibernators, whereas black- tailed prairie dogs are facultative hibernators 
(Harlow and Menkens 1986). We measured the tissue activities of four en- 
zymes associated with fatty acid synthesis (G6PDH, ME, ACL, and FAS) and a 
fatty acid oxidation enzyme (HSL) in both of these species. 
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Materials and methods 

Twelve adult white- tailed prairie dogs (C. leucurus) and six adult black- tailed 
prairie dogs (C. ludovicianus) were captured in southeastern Wyoming during 
the summer of 1993. These rodents were housed individually in large cages at 
the University of Wyoming and maintained at an ambient temperature (T^) of 
22°C on a natural (fall) photoperiod. The plant parts ingested by free-ranging 
sciurids have lipid contents ranging from 7 to 30% (Eshelman and Jenkins 
1989; Frank et al. 1998). All animals were thus fed a modified version of Purina 
5001 rodent diet with a fat content of 15%. This diet also contained 21% pro- 
tein, 49% carbohydrate, 7% starch, 5% fiber, and 3% minerals. This diet was the 
only food type given to the prairie dogs during the study. After 37 days of feed- 
ing and fattening (on 12 October 1993), eight C. leucurus and all C. ludovici- 
anus were sacrificed. Tissue samples were immediately removed from each 
carcass, frozen in liquid N^, and stored at -8o°C. The remaining four C. leu- 
curus were allowed to continue feeding and fattening for an additional 
36 days. At the end of this period (on 7 November 1993), these prairie dogs (in 
their cages) were placed at 5.o°C in an environmental chamber to induce hi- 
bernation. Within 7 days, all four animals began hibernating and they were 
kept under these conditions for 10 weeks. They were then sacrificed while tor- 
pid and their tissues were stored at -8o°C. All euthermic animals were sacri- 
ficed by decapitation after first being anesthetized with CO^ gas. Torpid C. leu- 
curus were sacrificed by decapitation after first being placed in CO^ gas for 
1 min, thus all animals were treated in the same manner. 

The activities of FAS, ME, ACL, and G6PDH were determined in crude 
homogenates prepared by grinding frozen tissue (1:4) in 50 mmol/1 imidazole, 
5 mmol /1 EDTA, 5 mmol /1 EGTA, 100 mmol /1 NaF, and 30 mmol /1 beta- 
mercaptoethanol (pH=7.o), and 0.1 mM phenylmethylsulfonyl fluoride. These 
homogenates were centrifuged for 15 min at 12,000 g. Enzyme activities were 
measured spectrophotometrically at 25°C. FAS was measured according to the 
technique of Nepokroeff et al. (1975), ACL activity was measured using the 
method of Takeda et al. (1969), ME activity was determined according to Hsu 
and Lardy (1969), and G6PDH activity was determined as described by 
Deutsch (1983). Total HSL activity was measured using a modified version of 
the techniques described by Sheridan and Harmon (1994). This assay does not 
phosphorylate (activate) HSL, it only measures the activity of the phosphory- 
lated HSL already present in the sample. Total tissue protein contents were de- 
termined using the Biuret method after homogenization in 5% sodium 
dodecylsulfate plus 0.5 N NaOH and incubation for 1 h at 30°C (Brooks et al. 
1995). Enzyme activities were measured in the liver, WAT, and brown adipose 
tissue (BAT). All enzyme activities were calculated in nmol min'^mg'^ tissue 
protein in order to factor out the effects of seasonal changes in tissue lipid 
content. The enzyme activities of the three experimental groups were com- 
pared using the general linear models ANOVA procedure (SAS Institute 1985). 
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Results 

The liver FAS activities of euthermic white-tailed prairie dogs and euthermic 
black-tailed prairie dogs were equivalent (Fig. i), and both were significantly 
greater than those of hibernating white-tailed prairie dogs (^=3.46, P=o.04). 
These three groups did not significantly differ in FAS levels found in either 
their WAT (P=o.ii, P=o.9o) or BAT (P=i.26, P=o.3i; Fig. 1). 

The liver ACL levels in euthermic C. leucurus and C. ludovicianus were also 
statistically equivalent (Fig. 2), but both were significantly greater than that of 
hibernating C. leucurus (P=3.8i, P=o.04). Euthermic C. leucuruSy C. ludovici- 
anusy and hibernating C. leucurus did not significantly differ in the ACL activ- 
ities found in their WAT (P=o.22, P=o.8o), although euthermic C. leucurus had 
significantly greater ACL activity in their BAT {F=6jiy P=o,ooS) than the oth- 
er two groups (Fig. 2). 

Euthermic C. leucuruSy C. ludovicianuSy and torpid C. leucurus all had sta- 
tistically equivalent ME activities (Fig. 3) in both their liver (P=2.92, P=o.o8) 
and BAT (P=3.32, P=o.o6). The WAT of hibernating C. leucurus had a signifi- 
cantly lower ME activity than the WAT from the other groups (P=3.97, P=o.04; 
Fig- 3 )- 

Hibernating white-tailed prairie dogs had liver G6PDH activities (Fig. 4) 
that were less than half of those found in the euthermic groups (P=4.58, 
P=o.03). The WAT from euthermic white-tailed prairie dogs had more than 
twice the G6PDH activity (Fig. 4) than that of either other group (F=i6.96, 
P=o.oooi). Euthermic C. leucuruSy C. ludovicianuSy and torpid C. leucurus did 
not significantly differ in BAT G6PDH activities (P=o.74, P=o.5o; Fig. 4), and 

Fig. 1. Mean (±SE) fatty ac- 
id synthase (FAS) specific 
activities in tissues from 
white-tailed ( WT) and 
black-tailed (BT) prairie 
dogs. For each eutihermic 
BT, euthermic WT, and hi- 
bernating WT mean, n=6, 

8, and 4, respectively. Means 
for the same tissue labeled 
with the same lower case 
letter are not significantly 
different at the P<o.05 level 
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Fig. 2. Mean (±SE) ATP-cit- 
rate lyase (ACL) specific ac- 
tivities in tissues from 
white-tailed (WT) and 
black-tailed (BT) prairie 
dogs. Sample sizes and 
symbols are the same as 
those for Fig. i 




neither did they significantly differ in the activity of HSL (Fig. 5) in either their 
WAT (F=o.73, P=o.5o) or BAT (F=o.66, P=o.53). 



Discussion 

Hibernating C. leucurus had significantly lov^er liver FAS, liver ACL, BAT ACL, 
WAT ME, liver G6PDH, and WAT G6PDH activities than euthermic C. leu- 
curus, The results of this study thus clearly support the hypothesis that fatty 
acid synthesis decreases during hibernation. The synthesis of fatty acid mole- 
cules in the cytosol is carried out by FAS. The dramatic decrease in liver FAS 
activity during hibernation thus probably reduces the overall rate of fatty ac- 
id synthesis. The synthesis of one fatty acid molecule by FAS requires one mol- 
ecule of acetyl CoA and at least 14 molecules of reduced nicotinamide adenine 
dinucleotide phosphate (NADPH). The required acetyl CoA is released into 
the cytosol by ACL, whereas the large amounts of NADPH needed for fatty ac- 
id synthesis are produced by G6PDH and ME (Gumma et al. 1969; Mead et al. 
1986). The results of this study thus suggest that fatty acid synthesis during hi- 
bernation my also be inhibited by a reduction in the level of acetyl CoA and 
the rate of NADPH production in the cytosol. 

A number of studies have demonstrated that the overall rate of fatty acid 
synthesis is greatest during the fall fattening period. Liver slices from 13 lined 
ground squirrels (S. tridecemlineatus) had a twofold higher rate of fatty acid 
synthesis in the fall than during the summer (Whitten and Klain 1969). The 
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Fig. 3. Mean (±SE) malic 
enzyme (ME) specific ac- 
tivities in tissues from 
white-tailed (WT) and 
black-tailed (BT) prairie 
dogs. Sample sizes and 
symbols are the same as 
those for Fig. i 




Fig. 4. Mean (±SE) glucose- 
6 -phosphate dehydrogena- 
se (G6PDH) specific activi- 
ties in tissues from white- 
tailed (Wp and black- 
tailed prairie (BT) prairie 
dogs. Samples sizes and 
symbols are the same as 
those for Fig. 1 




WAT of Syrian hamsters has a fivefold increased ability to synthesize lipids in 
vitro after cold exposure (Baumber and Denyes 1963). The WAT of free>rang- 
ing and euthermic C. ludovicianus has a much greater FAS activity during the 
fall than during winter (Thompson et al. 1993). The results of our study, when 
interpreted in conjunction with these studies, suggest that the increase in fat- 
ty acid synthesis during the fall is due, at least in part, to increased activities 
of FAS, ACL, ME, and G6PDH. 
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The changes observed in both liver and WAT enzyme activities between the 
prehibernatory fattening and hibernation periods indicate that both of these 
tissues participate in seasonal fatty acid synthesis. The relative contribution of 
each of these tissues to lipogenesis by hibernating mammals is poorly under- 
stood. During fattening by S. tridecemlineatuSy the liver appears to be the ma- 
jor site of fatty acid synthesis (Whitten and Klain 1969). When Syrian ham- 
sters were cold exposed, however, the ability of their WAT to synthesize lipids 
in vitro increased substantially, whereas the in vitro lipogenesis in liver slices 
from these animals decreased (Denyes and Carter 1961; Denyes and Baumber 
1964). The relative contributions of liver and WAT in prehibernatory lipogen- 
esis may vary with species, and thus requires further investigation. 

Only the ACL activity of BAT, and the G6PDH activity of the WAT from eu- 
thermic C. leucurus were significantly greater than the levels of these enzymes 
found in the corresponding euthermic tissues of C. ludovicianus. In all other 
cases the enzyme activities of these two euthermic groups were equivalent. 
These findings contradict the hypothesis that spontaneous hibernators have a 
greater capacity to synthesize fatty acids during the fall fattening period than 
facultative hibernators, as proposed by Thompson et al. (1993). Our study in- 
dicates instead that these two hibernator groups have roughly the same fatty 
acid synthesis capacity during this period. We did not find any significant dif- 
ferences in adipose tissue HSL activities among the three groups. These results 
are consistent with those of Florant et al. (1993), who observed that the rate of 
glycerol release by WAT (an indication of lipolysis) is identical in both hiber- 
nating and euthermic marmots {M, flaviventris). This is surprising in view of 
the increase in HSL mRNA levels observed by Wilson et al. (1992) in WAT dur- 
ing hibernation, and it does not support their hypothesis that lipolysis in- 

Fig.5. Mean (±SE) specific 
hormone-sensitive lipase 
{HSL) activities in tissues 
from white -tailed {WT) and 
black-tailed (BT) prairie 
dogs. Sample sizes and 
symbols are the same as 
those for Fig. 1 
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creases during hibernation. Our findings demonstrate instead that the levels 
of active (phosphorylated) HSL present in both WAT and BAT during hiberna- 
tion are the same as those during the fall feeding/fattening period. It appears 
that the regulation of HSL maybe through both translation and phosphoryla- 
tion. 

The nature of the metabolic signal that produces the seasonal changes in 
the activities of FAS, ACL, G6PDH, and ME observed is unknown. The mecha- 
nism that keeps the level of HSL activity in the WAT constant despite a four- 
fold increase in HSL mRNA levels is also unknown. These aspects of the sea- 
sonal body fat cycles found in hibernating mammals warrant additional 
study. Further investigation of this system will not only provide new insights 
into mammalian hibernation, but also the mechanism of body fat regulation 
in general. 
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Abstract. The air-breathing crabs Cardisoma hirtipes and C. carnifex trap 18.8 
and 15.5 ml of air respectively within the lumen of the lung (branchial cham- 
ber) when submerging, rather than breathe water, and suffer a hypoxic hyper- 
capnia. The role, effect and advantage of trapping air within the lung during 
submergence was assessed for both species. Cardisoma retained at least 85% 
of the lung air during a 30 min submergence. The mass-specific 0 ^ uptake rate 
(MO2) of air-breathing C. hirtipes and C. carnifex was reduced by at least 60% 
during submersion and the crabs additionally consumed 80% or more of the 
Oj stored in the trapped air. After 30 min of submergence the large arte- 
rial-venous difference in haemolymph partial pressure of 0^ (PO^) and 
content (CO^) of air-breathing Cardisoma was completely removed, consistent 
with near- zero transport. Removing the air from the lung lumen did not re- 

store MOj but rather deprived the crab of an store and, in C. hirtipes, pro- 
moted anaerobiosis. Submergence reduced the haemolymph CO^ by 50% or 
more, regardless of the presence of trapped air in their lungs. C. hirtipes and 
C. carnifex with a retained air bubble lost Na at only 2.6 and 2.3 pmol g ‘ h ', re- 
spectively, but at 3.9 and 5.0 pmol g ' h ‘ without the air bubble. Unidirectional 
Na uptake in C. hirtipes was only 0.90 pmol g ‘h * when air was trapped in the 
lung but 1.74 pmol g‘* h ’ when the bubble was removed. In C. carnifex these 
rates were 1.88 and 2.79 pmol g * h ‘ respectively. C. hirtipes and C. carnifex 
both trap air within the lung and avoid exposing exchange surfaces to water. 
There is no large respiratory advantage to expelling the air but there are sig- 
nificant ion regulation cost savings in retaining it. 

Key words. Air-breathing • Amphibious • Carbon dioxide • Cardisoma 
Crustacean • Haemolymph • Land crabs • Na regulation • Oxygen • Terrestrial 
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Introduction 

Land crabs of the genus Cardisoma have a distribution that shows they retain 
a clear dependency on water (Gifford, 1962; Hartnoll, 1988) since their burrows 
often descend to the local water table (Wood and Boutilier, 1985; Finder and 
Smits, 1993; Adamczewska and Morris, 1996; Morris and Adamczewska, 1996). 
In these crabs the branchiostegal linings of the branchial chambers that hold 
the gills have become elaborated into a functional lung (Farrelly and Gree- 
naway, 1992, 1993). It has been suggested that Cardisoma may be bimodal 
breathers and use water to facilitate excretion of CO^ across their gills (e.g. 
Wood and Randall, 1981; Farrelly and Greenaway, 1994), or that they submerge 
and breathe water to different extents (e.g. Gifford, 1962; Shah and Herreid, 
1978; Cameron, 1981; O’Mahoney and Full, 1984; Burggren et aly 1985) because 
of the need to avoid or compensate for dehydration in air. However, the flood- 
ed burrows of Cardisoma are generally hypoxic and hypercapnic (Wood and 
Boutilier, 1985; Finder and Smits, 1993; Adamczewska and Morris, 1996) and 
would not facilitate respiratory gas exchange. 

Some species of Cardisoma have been observed to trap air bubbles within 
the lung lumen (branchial chamber) and this behaviour appears to be the nor- 
mal submergence response of C. hirtipes (Adamczewska and Morris, 1996) 
and C. carnifex (Morris and Adamczewska, 1996). Cameron (1981) observed 
that similar air bubbles had to be removed from C. carnifex if they were to sur- 
vive submersion. However, recent investigations of responses of Cardisomay 
with trapped air, to submersion showed that the respiratory gas exchange rate 
of C. hirtipes in water is less than half that in air (Dela-Cruz and Morris, 
1997a). Consequently, C. hirtipes and C. carnifex submerged in situ became in- 
ternally hypoxic compared to when they breathed air (Adamczewska and 
Morris, 1996; Morris and Adamczewska, 1996; Dela-Cruz and Morris, 1997a) 
which they do for the majority of the time (Dela-Cruz and Morris, 1997b). 
Similarly, the submergence of C. carnifex (Morris and Adamczewska, 1996) or 
of C. hirtipes (Adamczewska and Morris, 1996; Dela-Cruz and Morris, 1997a) 
failed to induce the respiratory alkalosis indicative of gas exchange with water. 
The effect of submergence on haemolymph partial pressure of CO^ (FCO^) 
may very well be dependent on the extent to which the gills are bathed. Adam- 
czewska and Morris (1996) suggest that the air bubble may provide an oxygen 
store and prevent diffusive ion losses to freshwater. However, in addition to 
long-term maintenance of hydration state, periodic access to water is required 
for nitrogen (NH3/NH4+) excretion. In C. hirtipes (Dela-Cruz and Morris, 
1997b) and C. carnifex (Wood and Boutilier, 1985) nitrogen is stored and ex- 
creted in rapid, intense bursts during brief immersion episodes, as found also 
for the freshwater crab Potamonautes warreni (Morris and van Aardt, 1998), 
limiting the distribution away from water. 

The apparent aversion of Cardisoma to immersion remains puzzling. C. 
carnifex have, however, a greater haemolymph osmotic pressure (by 200 mos- 
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mol/ 1 ) than C. hirtipes, seemingly sustained by periodic visits to seawater 
(Morris and Adamczewska, 1996). In contrast, Cardisoma lose ions when im- 
mersed in freshwater (e.g. Wood and Boutilier, 1985; Dela-Cruz et a/., submit- 
ted), creating an extra expense for regulation, and this may be a reason for 
minimizing submergence. This problem is exacerbated in C. hirtipes which 
has routine access to only freshwater. 

The gills of Cardisoma may generally be important in ion regulation (Gree- 
naway, 1989; Wolcott, D.L., 1991; Wolcott T.G., 1992). The gills of C. hirtipes con- 
tain a high-affinity Na uptake system (Greenaway, 1989); C. hirtipes, C. carni- 
fex and C. guanhumi both survive water with a Na concentration as low as 
0.5 mmol 1 '^ (Herreid and Gifford, 1963; Greenaway, 1989; Dela-Cruz et al, sub- 
mitted) but at a considerable greater cost for C. carnifex compared with C. 
hirtipes (Dela-Cruz et al submitted) while C. armatum is also a hyper-regula- 
tor (De Leersnyder and Hoestlandt, 1963). However, some Cardisoma at least 
can manage ion balance without frequent access to open water by using the 
gills to reprocess urine and reabsorb salts from the urine as it passes over the 
gills (Dela-Cruz and Morris, 1997b). During submersion some branchial sur- 
faces must be bathed to facilitate the removal of NH3/NH4+ (Dela-Cruz and 
Morris, 1997b; Morris and van Aardt, 1998). The retention of an air bubble 
within the lung lumen (branchial chamber) may serve during such short-term 
submergence to minimize ion efflux. If so, this constitutes a potential 
behavioural regulation of salt balance and attendant costs, but may limit the 
surfaces available for respiratory gas exchange with water. 

The possibility that retaining air in the lung lumen, rather than ventilating 
with water, might compromise respiratory gas exchange and transport but 
minimize ion regulation costs while submerged was investigated in C. hirtipes 
and the more marine C. carnifex. Submerged crabs were compared to air- 
breathing crabs, and in addition the effect of removing the air bubble during 
submergence was assessed. Respiratory, acid-base and metabolic responses 
were determined as were the maximum Na loss rate and the unidirectional Na 
uptake rate in crabs with and without air bubbles trapped within the lung lu- 
men. Specifically the importance of the trapped air in determining uptake 
and respiratory gas transport was assessed against the possibility that flood- 
ing of the branchial/lung surfaces causes an expensive or even unsustainable 
ion loss, in turn promoting the adoption of a terrestrial life-style in the Cardi- 
soma, 

Materials and methods 

Gecarcinid crabs, Cardisoma hirtipes (Dana) (371-457 g) and C. carnifex 
(Herbst) (362-462 g) were collected from Christmas Island (Parks Australia 
permit) and West Island of the Cocos (Keeling) Atoll. The location of these is- 
lands in the Indian Ocean, and the situation of the collection sites are de- 




126 



scribed elsewhere (Adamczewska and Morris, 1996; Morris and Adamczew- 
ska, 1996). Briefly, C. hirtipes were collected around inland freshwater springs 
and C. carnifex adjacent to the central lagoon of the Cocos atoll. The crabs 
were packed in shredded paper and transported (AQIS^ permit) by aircraft to 
Sydney, Both species were housed at 25±2°C (the temperature for all experi- 
ments) and 85% relative humidity in communal terrariums which contained 2 1 
water containers that were sufficient to allow the crabs to immerse. Routinely, 
the water provided was either artificial Christmas Island Water (CIW; Adam- 
czewska and Morris, 1996) for C. hirtipes or 10% seawater for C. carnifex. The 
crabs were fed weekly on mixed fruit and dry dog food. The light cycle was 14 h 
lightiio h dark and all experiments were performed during the light phase. 

Effective lung volume and gas composition 

The volume of air trapped as a bubble within the lung (or simplicity the vas- 
cularized branchiostegal lining of the branchial chamber, which also houses 
the gills, is referred to as the lung and the space within as the lung lumen) dur- 
ing submersion of C. hirtipes and C. carnifex was determined by a displace- 
ment method (Dela-Cruz and Morris, 1997a). A 15 cm-diameter funnel was at- 
tached to a 50 ml measuring cylinder with a water-tight seal and the whole 
system flooded with water by submergence in a plastic tub. Resting crabs were 
individually submerged beneath the funnel that collected trapped air into the 
cylinder. The amount of air was recorded after 5 min and 30 min of submer- 
gence. Subsequently, the crab was inverted and agitated vigorously to release 
all the remaining air in the lung (branchial chambers) into the cylinder. 

The PO2 and PCO^ within the lung air bubble was determined in both C. 
hirtipes and C. carnifex either while air-breathing or subsequent to 30 min of 
submergence. To sample the lung lumen gas the crabs were bilaterally fitted 
with short polyethylene catheters which penetrated from the apex of the dor- 
sal surface through the carapace just into the air-space of the lung, as de- 
scribed by Morris and van Aardt (1998). These catheters had the added func- 
tion of ensuring that the branchial chambers/lungs were flooded when re- 
quired, by manually withdrawing all air with a syringe. To sample lung gas at 
least 5 ml of air was withdrawn into a glass syringe and introduced into seri- 
ally connected D616 thermostated cells containing either an 0 ^ or a CO^ elec- 
trode (Radiometer Pacific), and was chased by a second 5 ml sample taken 
from the other lung. There was never any fluid in either sample. Partial pres- 
sures were recorded by a PHM 73 meter (Radiometer) as kPa. The CO^ elec- 
trode was calibrated using humidified precision gas mixtures (Linde Austra- 
lia, Sydney) and the using O^-free gas and air-saturated water. 



AQIS - Australian Quarantine Inspection Service 
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Oxygen uptake rates 

The rate of O2 uptake for air-breathing crabs was determined by flow-through 
respirometry using an Applied Electrochemistry O2 analyser (Morris et a/., 
1994; Dela-Cruz and Morris, 1997a). The values for C. hirtipes are also report- 
ed in Dela-Cruz and Morris (1997a) but are compared here with those for C. 
carnifex. 

The rate of uptake for C. hirtipes and C. carnifex submerged with or 
without the lung air was determined using a closed respirometry method 
(Dela-Cruz and Morris, 1997a). Briefly, an individual crab was placed in a cy- 
lindrical respirometer and submerged in aerated water for 30 min. Water sam- 
pled immediately prior to and after the 30 min was passed over a Radiometer 
electrode. Rates (MO^) were calculated as pmol g~^h ^ for both Cardisoma spe- 
cies. All crabs were fitted with catheters as described above. No attempt was 
made to determine if there were any small differences in the activity of crabs 
in air or water since this is integral to the exposure treatments. 

Haemolymph measurements 

The haemolymph contents and partial pressures of and CO2 in C. hirtipes 
and in C. carnifex that were either breathing air or submerged for 30 min 
(CIW and 30% SW respectively), with or without a trapped air bubble within 
the lung lumen {n=6 for each species), were measured. The carapace of the 
crabs was drilled a minimum of 24 h prior to experiments to allow haem- 
olymph sampling from the pericardial cavity and from the efferent pulmo- 
nary vessel (Farrelly and Greenaway, 1993). Each crab was housed in an indi- 
vidual box with a supply of fresh drinking water for 24 h prior to experimen- 
tation. Each crab was sampled for pulmonary (post pulmonary vessel, content 
and pH only), arterial (pericardial cavity) and venous haemolymph (from the 
venous sinuses at the base of the last walking leg). The haemolymph samples 
were immediately analysed for partial pressure and content of O2 and CO2, as 
well as haemolymph pH, using a BMS 3 MK II Blood Micro System thermo- 
stated at 25±o.2°C and connected to a PHM73 pH/Blood gas monitor (Radi- 
ometer, Copenhagen, Denmark). The electrodes were calibrated daily with hu- 
midified gases. The O2 electrode was calibrated using 02-free gas and air-sat- 
urated water. The CO2 electrode was calibrated using two humidified gases, 
one with 0.5% and the other 2.5% CO2 (precision CIG certified analysis).The 
pH electrode was calibrated with Radiometer precision buffers of pH 7.410 
(S1510) and 6.865 (S1500), accurate to ±0.005 at 25°C. 

Haemolymph O2 contents were measured using the modified Tucker cham- 
ber method (Tucker, 1967) as outlined by Bridges et al (1979). The O2 electrode 
was maintained at 32°C and connected to an oxygen meter (Strathkelvin mod- 
el 781). The changes in PO^ were recorded on a pen recorder (Kipp and Zonen, 
model BDiii). The haemolymph CO2 content was measured using a Corning 
965 analyser (calibrated with HCO3 standard, 15 mmol 1 ")• 
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An aliquot of the remaining haemolymph samples was mixed (ratio i:i) 
with 0.6 mol 1 '^ HClO^ to denature proteins and neutralized with 2.5 mol 1 '^ 
K2CO3. The denatured sample was centrifuged at 10,000 g for 10 min and the 
supernatant was used for 1 -lactate analysis (Boehringer Mannheim test kit no. 
138 084). Whole haemolymph samples were also analysed for glucose (Sigma 
Diagnostics test-kit no. 510) and urate concentrations (Sigma Diagnostics test 
kit no. 685). 

Na flux measurements 

To determine if the lung air minimized ion loss from the crabs to extra-corpo- 
real water the maximum rate of Na loss was determined in both C. hirtipes and 
C. carnifex which had been pre-acclimated for 3 weeks to drinking and im- 
mersion in 30% seawater. This elevated haemolymph Na concentration, which 
was similar in all C. hirtipes with a mean 288.911.4 mmol H and averaged 
331.8±3 .o mmol l' 4 n C. carnifex^ thereby maximized the Na diffusion gradient 
to the water (Dela-Cruz et al manuscript in preparation). Maximum rates of 
Na loss were determined in crabs transferred to, and submerged in, containers 
with 1.4 1 of water with the same salt composition as 30% seawater except for 
being free of Na and most of the Cl. Four groups of crabs (n=6 for each for 
each species) were assessed; with or without trapped lung air for the two spe- 
cies. The amount of Na appearing in the water was monitored at 5 min inter- 
vals for 40 min, and the increase in water Na concentration was determined. 
Haemolymph was sampled from crabs approximately 2 h prior to experiments 
so that the apparent permeability constant IC (Shaw, 1961; Sutcliffe, 1975; Gree- 
naway, 1981) could be derived for Na. Sampling of the haemolymph prior to 
the experiment does not alter Na loss rates (Wood and Boutilier, 1985). 

Unidirectional Na uptake was determined in C. hirtipes and C. carnifex pre- 
viously held for 3 weeks with Cl W for drinking and immersion, thus stimulat- 
ing Na uptake mechanisms (Greenaway, 1989). Crabs were fitted with catheters 
as described above, and were submerged with or without lung air {n=6 for 
each species) in 1 1 of water with the salt composition of CIW but containing 
Na at 15 mmol 1 ^ The water was labeled with sufficient ^^Na ( Amersham, Aus- 
tralia) as to provide 12,000 cpm for a 200 pi sample measured using a Hewlett- 
Packard scintillation counter. After transferring the towel-dried crabs into the 
experimental chambers, the water in the containers was sampled at 5 min in- 
tervals. Since the crabs invariably added small amounts of Na to the water, the 
exact start and end values of Na concentration were determined. This facilitat- 
ed the calculation of unidirectional Na influx, (pmol g‘^ h'^), using the spe- 
cial solution equation of Shaw (i963);y=yoexp[(-/f)/A] wherey is the concen- 
tration of ^^Na in the water at time f,yo is the concentration of ^^Na at time ze- 
ro and A is the amount of Na in the water. The total Na concentration of haem- 
olymph and water samples was measured by atomic absorption spectropho- 
tometry (AAS; GBC 906, GBC Melbourne). To suppress interference, samples 
were diluted with 5.9 mmol CsCl^. 
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Statistical analysis 

Data were analysed using SYSTAT 6.0 by ANOVA for fully independent de- 
signs and by ANOVAR for repeated measures experiments. Homogeneity of 
variances was confirmed using Bartlet’s test. Where ANOVA showed signif- 
icant differences (P<o.05) from control groups, post-hoc testing was by 
Tukey’s HSD or Contrast analysis. 

Results 

Lung air and O2 uptake 

The total lung volume was i8.8±3.4 and 15.5t1.77 ml in C. hirtipes and C. carni- 
fex respectively and of this only 7-10% was released in the initial 5 min (Fig. 1). 
In C. hirtipes a further 5% was released in the following 25 min, but in both 
species 85% or more of the air was retained as a trapped bubble while sub- 
merged. 

There were large changes in composition of the lung air during submersion 
of both species (Fig. 2). In air-breathing C. carnifex the lung air was 20.9% de- 
pleted of O2 with respect to atmospheric {PO^=20j kPa; 156 torr), while in C. 
hirtipes the reduction was 11.3%. After 30 min of submergence the PO^ was 
markedly reduced to 3.5210.30 kPa in C. carnifex and to 2.7910.78 in C. hirt- 
ipes; reductions of 12.88 kPa and 15.68 kPa, or 79% and 85% of the available 
stored in the air bubbles, respectively. In addition to extreme hypoxia, sub- 
mersion promoted a hypercapnia in the lung air (Fig. 2). Interestingly, the 
PCO2 of the lung air of air-breathing C. hirtipes (0.79I0.09 kPa) and C. carni- 
fex (0.83I0.10 kPa) was relatively hypercapnic but after 30 min of submersion, 
increased to 1.75I0.19 and 1.03I0.14 kPa respectively (Fig. 2). 



Fig, 1. The cumulative vol- 
ume of air released from 
the lung/branchial cham- 
bers of Cardisoma carnifex 
and C. hirtipes after 5 and 
30 min of submergence. 

The final column is the total 
volume of the lung lumen 
determined by agitating 
and inverting the crabs to 
release air trapped for the 
full 30 min of submergence. 
The arrows indicate a sig- 
nificant increase in volume, 
n =6 for each species 



r. i'armjex Sc (\ hirupes retained air vidunie 




^ mm 30 mm Total \\>lumc 

( Post-agitalion) 




130 



Fig. 2. A The partial pres- 
sure of Oj (PO^), and B CO^ 
(PCO^) of the air retained 
within the lumen of the 
lungs in C. carnifex and C. 
hirtipes either while breath- 
ing air or after 30 min of 
submergence. The vertical 
arrows indicate a signifi- 
cant change in partial pres- 
sure after submergence, 
n =6 for each species in 
each treatment 
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The MO2 of air-breathing crabs was similar in the two Cardisoma at 
2.45±o.27 |imol g'^ h ^ in C. hirtipes (previously reported in Dela-Cruz and 
Morris, 1997a) and 2.20±o.i5 pmol g^h ^ in C. carnifex (Fig. 3). The uptake 
of both C. hirtipes and C. carnifex submerged with lung air decreased to 40% 
or less of the air-breathing rate (Fig. 3). Removing the air bubble such that the 
lung lumen was filled with water and the gills completely bathed did not im- 
prove MO^. Taking the lung air volume into account together with the decrease 
in PO2 of that air during submersion, the molar amount of taken from the 
bubble, and thus the contribution of stored lung during submersion, could 
be derived (Fig. 3). While this doubled the available used in C. hirtipes this 
was still equivalent to only a third of the air-breathing uptake. In C. carnifex 
using the in the bubble restored the effective MO^ slightly more but only to 
58% of the air-breathing rate and was not significantly improved over that of 
animals without trapped air bubbles (Fig. 3). 

Haemolymph respiratory gas and metabolites 

Submerging the crabs with lung air had significant effects on haemolymph 
respiratory gas status in both species and these were almost entirely un- 
changed by the removal of the air from the lung lumen (Table 1). The overall 
haemolymph CO^ values were effectively the same in C. hirtipes with C. carni- 
fex. The pulmonary and arterial haemolymph content were similar to each 
other within each species while air breathing. In both C. hirtipes and C. carni- 
fex approximately 60% of the O2 was removed during circulation of the haem- 
olymph, 0.35-0.4 mmol 1 ^ comparing arterial (QO^) and venous (QO^) 
contents. The pulmonary haemolymph content (CpO^) and of crabs 
submerged with lung air declined after 30 min and were no longer significant- 
ly elevated above CyO^ which was 0.24 mmol 1 ^ in C. carnifex and 0.38 mmol 1 ^ 
in C. hirtipes and, in both cases, unchanged from the of air-breathing 
crabs (Table 1). Submerging crabs with the lung air removed did not assist in 
maintaining either Cp02 or and in C. hirtipes may have lowered CO^ fur- 
ther, since both QO2 and appeared to be 0.1 mmol 1"^ lower in animals 
without trapped air in the lung lumen. 

The internal hypoxia apparent in submerged crabs was even more obvious 
in the PO^ values. Interestingly, the in the haemolymph of air-breathing 
C. hirtipes (10.2 kPa) was twice that of C. carnifex (5.3 kPa) although the 
values were similar (0.89 and 0.77 kPa respectively; Table 1). Submerging the 
crabs markedly reduced Pfi^ to 2.1 kPa or less, which removed any significant 
arterial-venous PO^ difference. As evidenced by the 0 ^ content values, remov- 
ing the air bubble at the onset of emergence did not facilitate any improve- 
ment in haemolymph oxygenation. 

Submergence of Cardisoma reduced the haemolymph CO^ (Table 1), de- 
spite the developing hypercapnia in the air of the lung lumen, especially in C. 
carnifex in which PqCO^ declined from 1.95 to 1.08 kPa. Consequently, sub- 




Table i. Haemolymph respiratory gas status and pH in C. hirtipes and C carnifex either breathing air or after 30 min sub- 
merged with trapped lung air, or after 30 min of submergence with all lung air completely removed. Oxygen and carbon diox- 
ide contents (in mmol 1 ~ 0 > and pH, are provided for efferent pulmonary haemolymph as well as for arterial and venous sam- 
ples. The partial pressures are as kPa for arterial and venous samples («=6-8) 
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merged crabs had CO^ values that were only 46-59% those of air-breathing 
animals in C. carnifex and 66-75% in C. hirtipes (Table 1). There was no evi- 
dence that submergence with the lung lumen (branchial chamber) completely 
flooded elicited any significant improvement of CO2 excretion since re- 
mained at 1.80 and 0.90 kPa in C. carnifex and C. hirtipes respectively (Ta- 
ble 1). There was an apparent further decline in CCO^ in C. hirtipes with the 
trapped air removed, to 53-58% of that in air-breathing crabs but this seemed 
independent of PCO^- 

Despite the relatively large changes in CO^ associated with submergence, 
with or without a trapped air bubble, there were no significant changes in 
haemolymph pH in either species of Cardisoma (Table 1). Neither were there 
differences in the pH of haemolymph comparing pulmonary, arterial and 
venous samples for either species under each of the three different conditions. 

The concentration of 1 -lactate in the haemolymph remained low 
(1.12-1.32 mmol I'O and was essentially the same in the two Cardisoma when 
submerged with a trapped air bubble in the lung (Table 2). However, 1 -lactate 
increased to 3.5 mmol 1 ^ in C. hirtipes, but not C. carnifex, when submerged 
without air within the lung. The haemolymph of C. hirtipes contained more 
urate but less glucose than that of C. carnifex (Table 2). In addition, submerg- 
ing C. carnifex without trapped air in the lung induced a marked increase in 
haemolymph glucose compared to crabs submerged for 30 min with air 
trapped within the lung. 

The influence of lung air on Na flux in submerged crabs 

In submerged C. hirtipes and C. carnifex with a retained air bubble the Na loss 
rate to Na-free water was only 2.610.55 and 2.310.34 pmol g"^h ^ but when the 
air bubble was removed the rate increased to 3.9I0.42 and 5.0I0.48 pmol g'^h ^ 
respectively (Fig. 4). While the loss rate was not significantly greater in C. 
carnifex than in C. hirtipes the magnitude of the increase was larger (Fig. 4). 
The apparent permeability constant IC can be calculated as [ion loss rate (in 
mmol 1 ^ haemolymph) per hour divided by the haemolymph concentration 
(in mmol l ^]; the extracellular/haemolymph space was taken as 33.2% for C. 
hirtipes and 24.7% for C. carnifex (Dela-Cruz and Morris, unpublished). The 
value of JC and thus apparent permeability was approximately doubled by 
bubble removal in C. carnifex from 0.032I0.005 to 0.067I0.009 but in C. hirt- 
ipes IC was 0.032I0.012 in animals with trapped air and similarly 0.039I0.004 
after 30 min of lung (branchial chamber) flooding. 

Unidirectional Na uptake was determined in Cardisoma acclimated to 
freshwater (Fig. 5). The Na uptake rate of C. hirtipes submerged with lung air 



^ Different from air-breathing crab of same species 
Values in bold italics indicate differences between C. carnifex and C. hirtipes 
Different from pulmonary value 
+ Different from arterial value 
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was only 0 . 9010.30 |imol g'^h'^ compared to the 1 . 7410.54 pmol g’^h"^ crabs 
submerged without the trapped air. Similarly, C. carnifex had a of 
1 . 88 I 0.61 pmol g'^ h’^ with air in the lung but 2 . 79 I 0.88 pmol g'^h'^ with the 
air bubble removed (Fig. 5 ). However, there were considerable differences in 
the rates of individuals which masked both the difference between species 
(Fi 19 = 3 . 56 , P=o.oj) and the effect of bubble removal (Fj 19 = 2 . 62 , F=o.i 2 ). 



Discussion 

Respiratory and acid-base consequences of submergence and trapped lung air 

C. hirtipes and C. carnifex retain most of the air within the lung lumen during 
submersion, confirming previous field (Adamczewska and Morris, 1996 ; Mor- 
ris and Adamczewska, 1996 ) and laboratory observations (Dela-Cruz and 
Morris, 1997 a). The PO^ and FCO^ in the lung air of C. hirtipes and C. carnifex 
were indistinguishable from the PO^ of 18.7 kPa and PCO^ of 0.66 kPa previ- 
ously obtained for „branchial chamber air‘‘ in C. carnifex (Wood and Randall, 
1981 ). The large hypoxic hypercapnia that develops within the lung lumen sig- 
nifies there was little gas exchange between the air space and the water, and 
minimal ventilation of the chamber. Both species showed greatly reduced but 
nonetheless appreciable uptake from the water, possibly facilitated by the 
lowered PO^ within the lung air space. The MO^ of immersed C. hirtipes 
( 2.45 pmol g-^ h‘^; see also Dela-Cruz and Morris, 1997 a) and C. carnifex 

Table 2 . Haemolymph concentration of L-lactate, urate and glucose in C. 
hirtipes and C. carnifex after 30 min of submergence, either with air within 
the lung lumen or with that air removed (n =6 for each species) 





L-lactate (mmol 10 


Urate (mmol I'O 


Glucose (mmol I'O 


C. hirtipes 
Submerged 
with lung air 


1.12 ±0.15 


0.116 ±0.153 


0.85 ±0.19 


Submerged 
without lung air 


3.46 ± 0.81* 


0.073 ± 0.073 


1.05 ± 0.22 


C. carnifex 
Submerged 
with lung air 


1.32 ± 0.37 


0.028 ± 0.065 


1.19 ±0.35 


Submerged 
without lung air 


0.87 ± 0.41 


0.030 ±0.083 


1.83 ± 0.31* 



* Effect of removing lung air 

Values in bold italics indicate a difference between corresponding values in 
the two species 
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(2.20 |imol g'^h ‘0 were also similar to previous values for these species (Wood 
and Randall, 1981) and to values for other obligate air-breathing crabs (Adam- 
czewska and Morris, 1994 for review figure). Submersion reduced the MO^ of 
C. carnifex by 60% and similarly by nearly 80% in C. hirtipes, as previously re- 
ported for the latter species (Dela-Cruz and Morris, 1997a). Flooding the lung 
failed to improve MO^, perhaps because of minimal ventilation during sub- 
mergence. This may not be true for all Cardisoma since O’Mahoney and Full 
(1984) found that C. guanhumi, in which the lung air was removed, maintained 
MO2 in air and water at equal rates but only at the expense of a 300% increase 
in ventilation. Conversely, clearly obligate land crabs, such as Gecarcinus 
lateralisy reduced MO^ in water by almost 50% compared to in air (Taylor and 
Davies, 1981, 1982; O’Mahoney and Full, 1984). Thus, both C. hirtipes and C. 
carnifex appear more committed to breathing air than C. guanhumi. Expelling 
the air would not improve the respiratory status of the two species and in fact 
the lung air store added appreciably to the O^ available during the 30 min sub- 
mergence. 

The maximum P^O^ in air-breathing C. hirtipes was high but consistent 
with previous field determinations (Adamczewska and Morris, 1996) while 
greater than laboratory values (Farrelly and Greenaway, 1994; Dela-Cruz and 
Morris, 1997a). The arterial PO^ in air-breathing C. carnifex was 50% of that in 
C. hirtipes suggesting relatively impaired diffusive uptake of O2. However, in 
both C. hirtipes and C. carnifex, the pulmonary and arterial haemolymph of 
air-breathing crabs was apparently 100% saturated with (Burggren and 
McMahon, 1981; Farrelly and Greenaway, 1994; Adamczewska and Morris, 
1996; Morris and Adamczewska, 1996; Dela-Cruz and Morris, 1997a). The sim- 
ilarity in pulmonary and arterial values suggests that either the gills were lit- 
tle perfused or, perhaps, that the gills and lungs were functioning similarly in 
O2 uptake from air. 

Field studies of C. carnifex (Morris and Adamczewska, 1996), and both field 
and laboratory studies of C. hirtipes (Adamczewska and Morris, 1996; Dela- 

Fig. 4. The maximum Na 
loss rate, as jimol g~^ h.~\ 
from C. hirtipes and C. 
carnifex submerged with or 
without an air bubble re- 
tained within the lung. *An 
increase in loss associated 
with removal the retained 
air bubble. Both Cardisoma 
species were acclimated to 
drinking water of 30% sea- 
water to maximize loss 
rates, n=6 for each species 
in each treatment 
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Cruz and Morris, 1997a) showed that 30 min of submergence rapidly depletes 
haemolymph O^. In the current study, the pulmonary and arterial CO^ both 
declined to near the CyO^ after 30 min under water, which contrasts with Ge- 
carcinus lateralis in which both arterial and venous haemolymph content 
decreased to similar extent (Taylor and Davies, 1982). The reduction in lung air 
PO2 to 3 kPa or less meant that the maintenance of was impossible. The 
gradient for inward diffusion of from the lung lumen into the haemolymph 
declined from 8.27 to 0.79 kPa in C. hirtipes and from 11.22 to 2.15 kPa in C. 
carnifex. Consequently, PyO^ must decline to sustain any inward diffusion of 
O2 but eventually failed in Cardisoma since the arterial-venous difference de- 
clined to zero. The haemocyanin-bound (Hc-O^) has been previously cal- 
culated to provide for approximately 5 min in a 400 g C. hirtipes (Adam- 
czewska and Morris, 1996) and 8 min in 300 g C. carnifex (Morris and Adam- 
czewska, 1996). These stores in crabs submerged for 30 min with trapped air 
bubbles (Fig. 3) were depleted at a rate of 0.23 and 0.31 pmol g'^h'^ C. hirtipes 
and C. carnifexy respectively, effectively supplementing the MO^ which was 
still well below the air-breathing MO^, of C. hirtipes especially. In the absence 
of any appreciable anaerobiosis in C. hirtipeSy Adamczewska and Morris 
(1996) concluded that the crabs become relatively hypometabolic; a very dif- 
ferent strategy to the threefold to fourfold elevation in ventilatory work sug- 
gested by O’Mahoney and Full (1984) for submerged C. guanhumi. 

Submerging C. hirtipes and C. carnifex without trapped air, such that the 
water bathed the entire branchial structure, failed entirely to relieve the sub- 
mergence hypoxia. This is quite at odds with both Cameron (1981) and O’Ma- 
honey and Full (1984), who suggested that this allowed respiratory exchange 
with water. Nonetheless, neither C. hirtipes or C. carnifex showed any improve- 
ment in either the haemolymph PO^ or consequently the O^ content. Con- 
versely, the CO2 data for C. hirtipes support the suggestion that removing the 
air bubble actually exacerbates the hypoxia, since haemolymph lactate con- 
centrations increased to 3.5 mmol 1 ^ The effect of submergence on haem- 
olymph metabolites has been shown to be variable between species and de- 
pend on circumstance. For example, in C. hirtipes neither urate nor the 1 -lac- 
tate concentration increased in crabs submerged in the field (Adamczewska 
and Morris, 1996) whereas urate, but not L-lactate, did increase during sub- 
mergence in the laboratory (Dela-Cruz and Morris, 1997a). Similarly, in the 
current study lactate increased in C. hirtipes only when the air bubble was re- 
moved from the lung lumen. Field determinations of C. carnifex also showed 
urate to be unaltered in the haemolymph during submersion, but, in contrast 
to C. hirtipeSy there were some increases in haemolymph l-lactate levels al- 
though urate was unchanged by submersion (Morris and Adamczewska, 
1996). In both field and laboratory determinations the submersion of C. hirt- 
ipes promoted a hypoglycaemia whereas C. carnifex showed evidence of a 
hyperglycaemia (Morris and Adamczewska, 1996) which was evident in the 
present study only once the air bubble was removed. Thus, in C. hirtipes re- 
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Fig. 5. The unidirectional 
Na uptake rate (/,„), as jimol 
g“^ \r \ by C. hirtipes and C. 
carnifex submerged with or 
without an air bubble re- 
tained within the lung. 
ANOVA provided P=o.oj 
for the difference between 
species and P=o.i2 for the 
effect of bubble removal. 
Both Cardisoma species 
were acclimated to drink- 
ing CIW to maximize up- 
take rates, n=6 for each 
species in each treatment 



n C. hirtipes 
M C. carmfex 




I Aing Air 




No Lung Air 



Fig. 6. The PH/HCO3- dia- 
gram for C. hirtipes and C. 
carnifex in each of the three 
treatments: air-breathing, 
submerged with air re- 
tained in the lung (bubble) 
and with the air removed 
(no bubble). The slope of 
the non-bicarbonate buffer 
line was from the data of 
Dela-Cruz and Morris 
(1997) and the PCO^ isop- 
leths derived from the 
Henderson-Hasselbalch re- 
lationship using a 
pX’=6.025 and an 
aC02=o.2267 pmol L'Pa-^ 




moval of the lung air, and therewith an store that was otherwise used dur- 

ing submergence, made a crucial difference in the recruitment of anaerobio- 
sis, which does not normally occur in C. hirtipes^ although it was observed by 
Shah and Herreid (1978) for C. guanhumi. The lactacidosis in C. carnifex mea- 
sured in crabs submerged in the field caused Morris and Adamczewska (1996) 
to conclude that this species differs from C. hirtipes in that it maintains its 
metabolic rate by supplementary anaerobiosis. However, there was no such 
anaerobiosis in the present laboratory study of C. carnifex. Given that 30 min 
of submergence has proven to be close to the aerobic limit for both species, 
and the extremely low O2 content in the haemolymph, it seems reasonable 
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that small differences, for example in temperature, may determine the dura- 
tion of submergence that can be attained without initiating anaerobiosis. 

Haemolymph acidosis can arise because of accumulation of respiratory 
COj as well as through metabolic acidosis. The haemolymph PCO^ and CCO^ 
were generally not different comparing C. hirtipes and C. carnifeXy and the 
PCO2 values in air-breathing crabs were essentially the same as previously ob- 
tained values for C. carnifex (1.92 kPa, Randall and Wood, 1981; 1.90 kPa, Mor- 
ris and Adamczewska, 1996) and for C. hirtipes (1.81 kPa, Farrelly and Gree- 
naway, 1994; >1.60 kPa, Adamczewska and Morris, 1996). Submergence of C. 
hirtipes and C. carnifeXy despite air trapped within the lung, induced a haem- 
olymph hypocapnia in both species, suggesting some facilitation of CO^ excre- 
tion by bathing water. Laboratory studies of C. carnifex showed a 2.5-fold in- 
crease in ventilation volume when in water (McMahon and Burggren, 1988 for 
review) and as a consequence reduced haemolymph PCO^ and CCO^, and thus 
a respiratory alkalosis (Cameron, 1981), in common with nearly every species 
able to inhabit air and water (McMahon and Burggren, 1988). However, this 
was not the case for either C. hirtipeSy which exhibited a marked metabolic al- 
kalosis (Adamczewska and Morris, 1996), or C. carnifex voluntarily sub- 
merged in the field, which showed a respiratory acidosis (Morris and Adam- 
czewska, 1996). This provides further evidence that submerged Cardisoma 
ventilate very little and that gas exchange is primarily with a progressively hy- 
poxic-hypercapnic air bubble. Excretion of CO^ was therefore severely im- 
paired in submerged Cardisomay thus the gradient for outward diffusion into 
the lung lumen from the haemolymph declined from 1.11 to 0.46 kPa in C. 
carnifeXy and in C. hirtipes changed from an outward 1.16 kPa to an inward 
gradient of 0.67 kPa, as a result of the hypercapnia in the lung air. 

The acid-base status, the influence of submersion, the effect of removing 
the trapped air bubble from the lung and the differences between C. carnifex 
and C. hirtipes are best appreciated with the aid of a pH/HC03" diagram 
(Fig. 6). Under normal circumstances C. carnifex exist in a state of relative res- 
piratory acidosis compared with C. hirtipes (Fig. 6). This cannot be ascribed to 
higher CO^ production rates in C. carnifex since the two species have similar 
respiration rates. Neither can it be due a relatively hypercapnic lung lumen; 
thus, C. carnifex must experience relatively greater diffusion resistance to CO^ 
excretion, consistent with the apparent relative resistance to inward diffu- 
sion (above). Thus, C. hirtipes is better than C. carnifex at breathing air. The 
submergence of C. carnifex and C. hirtipes promoted some metabolic acidosis 
which in C. carnifex especially was compensated by a respiratory alkalosis 
(Fig. 6). The source of the metabolic acid is not obvious but the pH changes 
were slight. C. hirtipes submerged in the field experienced net ion loss (Gree- 
naway, 1989; Adamczewska and Morris, 1996) and changes in strong ion con- 
centrations within the haemolymph could account for the slight acidosis. The 
relative hypocapnia that occurred in both species after 30 min submerged in- 
dicates that some improved CO^ excretion to the water occurs, even with re- 
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tained air in the lung. Similarly, the compensatory respiratory alkalosis in C. 
carnifex is a consequence of improved CO^ excretion. That this compensation 
is less apparent in submerged C. hirtipes indicates relatively less facilitation of 
CO2 excretion and perhaps less contact of the exchange surfaces with water. 
Flooding the lung/branchial chamber of C. carnifex did little to further en- 
hance the compensatory respiratory alkalosis, whereas in C. hirtipes the alka- 
losis was really apparent only once the lumen was flooded and a larger epithe- 
lial surface area was bathed (Fig. 6). 

Thus, the air bubble retained by the two Cardisoma investigated does not 
hinder uptake by submerged crabs, since its removal does not alleviate the 
internal hypoxia, but instead it may provide an important 0 ^ reservoir. Under 
laboratory conditions expelling the air bubble may assist some CO^ excretion, 
but apparently not under field circumstances, and to a greater extent in C. 
carnifex than in C. hirtipes. 

Immersion avoidance and lung air retention as mechanisms to minimize ion loss 

Under field conditions C. hirtipes lost Ca and Mg while submerged (Adam- 
czewska and Morris, 1996) and in the laboratory lost salt to freshwater (Gree- 
naway, 1989; Dela-Cruz and Morris, 1997a). Adamczewska and Morris (1996) 
suggested that the trapped lung air, by reducing contact between the water and 
permeable branchial and branchiostegal epithelia, could mitigate ion losses to 
freshwater and lower regulative costs in C. hirtipes, and thereby explain the 
propensity to avoid prolonged submersion. Similarly, C. carnifex given only 
fresh water lost K, Ca and Mg (Wood and Boutilier, 1985) but salt regulation is 
perhaps less problematic for C. carnifex since it can visit the ocean to replace 
salts lost to lower salinity water in the burrows (Morris and Adamczewska, 
1996). 

C. hirtipes and C. carnifex submerged in Na-free CIW in the laboratory lost 
Na 33% and 54% (respectively) more rapidly when the air trapped within the 
lung lumen (branchial chamber) was removed. There was thus a greater effect 
on Na loss rates in C. carnifex, possibly since the Na concentration gradient 
was 13% greater than for C. hirtipes. The rates were high compared to freshwa- 
ter crabs, e.g. Potamonautes warreni at 0.22 pmol g ^h ^ (Morris and van Aardt, 
1998) and 0.07-0.20 pmol g^ h^ Holthuisana transversa (Greenaway, 1981), 
and represent significant Na losses which are greatly exacerbated by loss of 
the protecting air bubble, which must mean a marked increase in energetic re- 
quirements. However, the crabs used in the Na loss measurements were pre- 
acclimated to 30% SW to emphasize any effect of the air bubble on loss rates. 
The loss rates in freshwater-acclimated crabs are much lower, 0.12 and 
0.52 pmol g'^h"^ for C. hirtipes and C. carnifex respectively, due to reduced per- 
meability (Dela-Cruz, Morris and Greenaway, unpublished) and the actual 
consequential costs may be lower. 
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The salt regulation costs during immersion, e.g. compensatory Na uptake, 
can only be reduced by decreased permeability. Exact measurements of 
whole-animal permeability are often difficult to obtain since they depend not 
only on the diffusion resistance of the epithelia but also on their surface area, 
but estimates of IT can provided good estimates of apparent Na permeability 
(Mantel and Farmer, 1983). The value of IC increased when the air bubbles 
were removed, in C. carnifex by 107% and in C. hirtipes by 22%, implying that 
the greater JC of crabs submerged without trapped branchial air must be due 
to the increased exposure of the gills and/or branchiostegites to water. 

The unidirectional Na uptake measurements on ClW-acclimated Cardi- 
soma cannot be directly compared to the loss rates since acclimation salinity 
also alters (Dela-Cruz et al manuscript in preparation). However, the up- 
take rates were highest in animals in which the lung and gills were flooded. A 
higher rate of uptake in C. carnifex than in C. hirtipes is consistent with com- 
pensation needed to accommodate the increased Na loss rate and apparent 
permeability. It is difficult to determine to what extent these data indicate true 
compensation. It seems probable that in crabs with trapped lung air that part 
of, or even all, the gills would be in contact with water, hence the Na exchange 
in submerged crabs, and that expelling the air simply increases the surface ar- 
ea bathed to include the lung also, thereby increasing the surface involved 
both in diffusive ion loss and in compensatory pumping. 

Neither species of Cardisoma investigated seems to be a truly amphibious 
crab since they both appear to eventually asphyxiate under water ( Adamczew- 
ska and Morris, 1996; Morris and Adamczewska, 1996). C. hirtipes and C. 
carnifex naturally trap air within the lung lumen, rather than expose the lin- 
ing and the gills to water. This trapped air acts as an store and a CO^ repos- 
itory. Expelling the trapped air fails to significantly improve any aspect of res- 
piration and indeed removes a usable store. In many previous studies of 
Cardisoma the crabs were probably able to breathe air facultatively at the wa- 
ter surface. Cardisoma submerged in freshwater lose Na but when the air is re- 
moved from the lung lumen (branchial chamber) Na loss, permeability and 
Na uptake are increased. Retention of trapped air has the major effect of re- 
ducing Na turnover and associated pumping costs. Under normal humid con- 
ditions in tropical and sub-tropical habitats the only identifiable reason for 
Cardisoma to be so closely associated with water is for the excretion of nitro- 
gen (Dela-Cruz and Morris, 1997b). These conclusions need to be extended 
and tested by investigation of other Cardisoma species and by further field de- 
terminations under natural conditions. 

Acknowledgements, We would like to thank Agnieszka Adamczewska, Peter 
Greenaway and Stuart Linton for assistance in collecting animals. We also 
thank Professor Peter Greenaway for helpful discussions and Dr. Adamczew- 
ska for critical reading of the manuscript. Thanks go also to the Conservators 
and Staff of Parks Australia North, on Christmas Island and on Cocos Island 




141 



for their hospitality and help. This work and a Post-Graduate Scholarship to 
J.D.-C. were supported by ARC grants to S.M. 

References 

Adamczewska, A.M., Morris, S. (1994) Exercise in the terrestrial Christmas Is- 
land red crab Gecarcoidea natalis. I. Blood gas transport. /. Exp. Biol. 
188:235-256 

Adamczewska, A.M., Morris, S. (1996) The respiratory gas transport, acid- 
base state, ion and metabolite status of the Christmas Island Blue Crab, 
Cardisoma hirtipes (Dana) assessed in situ with respect to immersion. 
Physiol. Zool. 69:67-92 

Bridges, C.R., Bicudo, J.E.P.W., Lykkeboe, G. (1979) Oxygen content measure- 
ment in haemolymph containing haemocyanin. Comp. Biochem. Physiol. 
6zA:399-409 

Burggren, W.W., McMahon, B.R. (1981) Haemolymph oxygen transport, acid- 
base status and hydromineral regulation during dehydration in three ter- 
restrial crabs, Cardisoma, Birgus and Coenobita. J. Exp. Zool. 218:1-5 
Burggren, W., Binder, A., McMahon, B.R., Wheatly, M., Doyle, M. (1985) Venti- 
lation, circulation and their interactions in the land crab, Cardisoma 
guanhumi. J. Exp. Biol. 117:133-154 

Cameron, J.N. (1981) Acid-base responses to changes in CO2 in two Pacific 
crabs: Birgus latro, and the mangrove crab Cardisoma carnifex. J. Exp. 
Zool. 218:65-73 

De Leersnyder, M., Hoestlandt, H. (1963) Premiers donnes sur la regulation 
osmotique et la regulation ionique du crabe terreste Cardisoma armatum 
Herklots. Cah. Biol. Mar. 4:211-218 

Dela-Cruz, J., Morris, S. (1997a) Respiratory, acid-base, and metabolic re- 
sponses of the Christmas Island Blue Crab, Cardisoma hirtipes (Dana) to 
simulated immersion. Physiol. Zool. 70:100-115 
Dela-Cruz, J., Morris, S. (1997b) Water and ion balance, and nitrogenous ex- 
cretion as limitations to aerial excursion in the Christmas Island Blue 
Crab, Cardisoma hirtipes (Dana). /. Exp. Zool. 279:537-548 
Farrelly, C.A., Greenaway, P. (1992) Morphology and ultrastructure of the gills 
of terrestrial crabs (Crustacea, Gecarcinidae and Grapsidae): adaptations 
for air breathing. Zoomorphology 112:39-49 
Farrelly, C.A., Greenaway, P. (1993) Land crabs with smooth lungs: Grapsidae, 
Gecarcinidae and Sundathelphusidae; ultrastructure and vasculature. /. 
Morphol 215:1-16 

Farrelly, C.A., Greenaway, P. (1994) Gas exchange through the lungs and gills 
in air-breathing crabs. /. Exp. Biol. 187:113-130 
Gifford, C.A. (1962) Some observations on the general biology of the land 
crab Cardisoma guanhumi. Am. Zool. 123:207-223 




142 



Greenaway, R (1981) Sodium regulation in the freshwater/land crab Holthui- 
sana transversa. /. Comp. Physiol B 142:451-456 
Greenaway, P. (1989) Sodium regulation and adaptation to freshwater in the 
amphibious crab Cardisoma hirtipes. Physiol Zool 62:639-653 
Hartnoll, R.G. (1988) Evolution, systematics, and geographical distribution. 
In: Burggren, W.W., McMahon, B.R. (eds) Biology of the land crabs.. Cam- 
bridge University Press, New York, pp. 6-53 
Herreid, C.R, Gifford, C.A. (1963) The burrow habitat of the land crab Cardi- 
soma guanhumi Latreille. Ecology 44:773-775 
Mantel, L.H., Farmer, LL. (1983) Osmotic and ionic balance. In: Mantel L.H. 
(ed) The Biology ofCrustaceay vol. 5. Internal anatomy and physiological 
regulation. Academic, New York, pp. 54-143 
McMahon, B.R., Burggren, W.W. (1988) Respiration. In: Burggren, W.W., Mc- 
Mahon, B.R. (eds) Biology of the land crabs. Cambridge University Press, 
New York, pp. 249-297 

Morris, S., Adamczewska, A.M. (1996) In-situ immersion of Cardisoma carni- 
fex. J. Exp. Mar. Biol Ecol. 206:149-164 
Morris, S., van Aardt, W.J. (1998) Salt and water relations, and nitrogen excre- 
tion in the amphibious freshwater crab Potamonautes warreni with re- 
spect to immersion. /. Exp. Biol 201:883-893 
Morris, S., Curtin, A.L., Thompson, M.B. (1994) Heterothermy, torpor, respi- 
ratory gas exchange, water balance and the effect of feeding in Gould’s 
long-eared bat Nyctophilus gouldi (Tomes 1858). /. Exp. Biol 197:309-335 
O’Mahoney, P.M., Full, R.J. (1984) Respiration of crabs in air and water. Comp. 
Biochem. Physiol 79:275-282 

Pinder, A.W., Smits, A.W. (1993) The burrow microhabitat of the land crab 
Cardisoma guanhumi: respiratory/ionic conditions and physiological re- 
sponses of crabs to hypercapnia. Physiol Zool 66:216-236 
Randall, D.J., Wood, C.M. (1981) Carbon dioxide excretion in the land crab 
{Cardisoma carnifex). J. Exp. Zool 218:37-44 
Shah, G.M., Herreid, C.E. (1978) Heart rate of the land crab, Cardisoma guan- 
humi (Latreille), during aquatic and aerial respiration. Comp. Biochem. 
Physiol 60:335-341 

Shaw, J. (1961) Sodium balance in Eriocheir sinensis (M. Edw.). The adapta- 
tion of the Crustacea to freshwater. J. Exp. Biol 38:153-162 
Shaw, J. (1963) Kinetic aspects of ion regulation in aquatic animals. In: 

Carthy, J.D., Duddington, C.L. (eds) Viewpoints in biology. Butterworth, 
London, pp. 2, 163-201 

Sutcliffe, D.W. (1975) Sodium regulation and adaptation to fresh water in the 
isopod genus Asellus. J. Exp. Biol 61:719-736 
Taylor, A.C., Davies, PS. (1981) Respiration in the land crab, Gecarcinus 
lateralis. J. Exp. Biol 93:197-208 

Taylor, A.C., Davies, PS. (1982) Aquatic respiration in the land crabs, Gac- 
arcinus lateralis (Fr6minville). Comp. Biochem. Physiol y2A:683-688 




143 



Tucker, V. A. (1967) Method for oxygen content and dissociation curves on 
microliter blood samples. /. Appl Physiol 23:410-414 
Wolcott, D.L. (1991) Integration of cellular, organismal, and functional eco- 
logical aspects of salt and water balance. Mem. Qld. Mms.3i: 229-239 
Wolcott, T.G. (1992) Water and solute balance in the transition to land. Am. 
Zool 32:370-381 

Wood, C.M., Boutilier, R.G. (1985) Osmoregulation, ionic exchange, blood 
chemistry and nitrogenous waste excretion in the land crab Car disoma 
carnifex: a field and laboratory study. Biol Bull 169:267-290 
Wood, C.M., Randall, D. J. (1981) Oxygen and carbon dioxide exchange during 
excercise in the land crab (Cardisoma carnifex). J. Exp. Zool 218:7-16 




144 




145 



Calcium, polarity and osmoregulation in Fucus 
embryos: one messenger, multiple messages 

C. Brownlee • N.F.H. Manison • R. Anning 



Marine Biological Association, The Laboratory, Citadel Hill, Plymouth PLi iPB, UK. 



Received: 14 May 1998 1 Accepted: 20 October 1998 / Published: 10 November 1998 

Abstract. This review addresses the role of cytosolic Ca^+ in the regulation of 
embryonic polarity, polarized growth and osmotic control of cell volume with 
particular emphasis on the marine alga Fucus. Evidence is presented that the 
control of cell elongation in plants and algae requires the co-ordinated control 
of cell turgor and vesicle exocytosis, all of which are regulated by cytosolic 
Ca^+. In the Fucus embryo, polarized growth of the rhizoid cell requires sus- 
tained elevation of Ca^+ at the rhizoid apex whereas osmotic cell volume con- 
trol is effected by transient elevations of cytosolic Ca^^. The mechanisms by 
which these signals are generated and their different downstream responses 
are discussed. Answers to questions of how specificity of signalling can be 
achieved by signal- response pathways which share common components will 
require more detailed knowledge of the interactions between different com- 
ponents and the spatial and temporal patterns of their activation. 

Key words. Calcium • Cell volume control • Fucus • Growth • Polarity 
Signalling 

Introduction 

Plant development: interactions between pattern, morphogenesis and physiology 

Plant shape and form during development can be considered to result from 
the acquisition and expression of pattern coupled to morphogenetic respons- 
es to external signals. Pattern in this context is defined as the spatial organiza- 
tion of tissues and organs and requires the interpretation of intrinsic or exter- 
nal polarity signals and differentiation of cells in response to positional cues 
(Van den Berg et al., 1995; Laux and Jurgens, 1997; Bouget and Brownlee, 1998). 
Morphogenetic responses are superimposed on overall pattern and can be de- 
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fined as variations in the relative size, shape, degree of differentiation and 
growth direction of organs, tissues and cells in response to external signals. 
Thus morphogenesis results in environmentally determined changes in the 
shape and size of organs while basic body pattern (i.e. the positions of organs 
and tissues) generally remains unchanged. A good example is floral induction. 
In many species, the development of floral primordia occurs in response to ex- 
ternal signals. The positions of the floral primordia in relation to other or- 
gans, however, are almost invariably fixed. Examples of morphogenetic sig- 
nals include light quality, direction and photoperiod, gravity and mechanical 
stimuli. Plants are able to integrate a range of external signals and translate 
them into appropriate morphogenetic and physiological responses at the sin- 
gle-cell and whole-plant level. This requires the operation of sophisticated sig- 
nalling machinery which clearly involves communication between a wide 
range of receptor, transduction and response elements. A good example of this 
is the control of stomatal aperture which is responsive to light, hormones (e.g. 
auxin, abscisic acid) and carbon dioxide (McAinsh et al., 1997). These stimuli 
are sensed by different receptor elements while the signal transduction path- 
ways converge at the response level to regulate the flux of ions and water to 
and from the stomatal guard cells and, via control of turgor pressure and cell 
shape, effect control of stomatal aperture. 

The following discussion addresses some of the problems which arise 
when a single second messenger is clearly a component of more than one sig- 
nal transduction pathway resulting in different end responses. This problem is 
particularly relevant to the role of cytosolic Ca^+ as a second messenger. Ca^+ 
is involved in signalling in a wide range of stimulus-response pathways and 
understanding how specificity can arise from a single messenger is a major 
goal of plant signal transduction studies (McAinsh and Hetherington, 1998). 

A variety of different systems are considered here, with examples of some 
recent work on the Fucus zygote which presents a system in which signalling 
involving cytosolic Ca^+ in relation to polarity, embryonic pattern and physio- 
logical responses can be studied in the same cell. 

Regulation of cell growth 

Plant cell growth requires, but is not regulated by, turgor 

Understanding the processes which underlie plant cell growth is fundamental 
to understanding morphogenesis. Plant and algal cells grow by increasing the 
surface area of the plasma membrane and cell wall. Increases in cell size can 
occur in a variety of patterns. Elongation may occur over the whole surface of 
the cell or may be restricted to specific zones. An extreme example of this is 
polarized tip growth such as occurs in pollen tubes, root hairs, fungal hyphae 
and algal rhizoid cells. New cell wall and membrane material is continually in- 
corporated at the growth point. Elongation in most plant cells requires inter- 
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nal positive hydrostatic pressure (turgor pressure) which is normally brought 
about by uptake of water into the vacuole and is thought in most cases to pro- 
vide the driving force for elongation growth. However, the relationship be- 
tween turgor and cell growth is not straightforward and varies between spe- 
cies. In maize coleoptiles, a curvilinear relationship exists between growth 
and turgor (Hohl and Schopfer, 1992) with a greater relative growth at higher 
turgor pressures. However, cell elongation rates can vary despite a constant 
turgor (Tomos and Pritchard, 1994) and it is likely that the main factor regu- 
lating the rate of cell expansion is the elasticity of the cell wall (Pritchard, 1994; 
Kutschera, 1996). It has been proposed that wall relaxation and subsequent ex- 
pansion is one of the major regulators of cell turgor (Cosgrove, 1993; Kut- 
schera and Kohler, 1994). Turgor clamp experiments with the brackish water 
charophyte alga Chara (Zhu and Boyer, 1992) showed that a threshold level of 
turgor was required for growth to occur. Above this threshold, however, 
growth was independent of turgor and relied more on metabolic energy, pos- 
sibly reflecting the reliance of growth on the synthesis of wall polymers. In 
tip-growing cells, such as the lily pollen tube, turgor was shown to be regulat- 
ed within narrow limits despite variations in cell elongation rate (Benkert et 
al., 1997). An extreme example of the independence of growth from turgor 
comes from studies of the water mould Achlya, In this species, growth has 
been shown to occur even in the absence of cell turgor (Money and Harold, 
1992, 1993). It has been proposed that at low or zero turgor, apical growth in 
Achlya can be maintained via actin polymerization in much the same way as 
in animal cells (Harold et al, 1995). It follows from the above that morphoge- 
netic changes in cell growth and elongation in response to external stimuli are 
likely to involve regulation of mechanisms other than those which regulate 
cell turgor. 

Polarity and growth require regulation of targeted exocytosis 

Exocytosis is essential for plant cell growth, providing the new wall material 
and plasma membrane necessary for the expanding cell. The growing pollen 
tube is a classic example of large-scale exocytosis directed to the growing apex 
(Steer and Steer, 1989). Inhibition of Golgi vesicle dynamics leads to inhibition 
of elongation. The absolute requirement of pollen tube growth on vesicle dy- 
namics was shown in pollen tubes of Nicotiana tobaccum and Petunia hybrida 
where elongation was inhibited by the inhibitor of Golgi secretion brefeldin A 
(BFA) (Geitman et al., 1996). Pollen tube elongation is characterized by pulsa- 
tory variations in elongation rate and it has been proposed that such oscilla- 
tions in growth rate may be a general property of all tip-growing cells 
(Holdaway-Clarke et al., 1997). While longer term elongation in Nicotiana and 
Petunia (Geitman et al., 1996) was inhibited by BFA, shorter pulse-like varia- 
tions in the elongation rate which last 10-20 s were insensitive BFA, though 
they were inhibited by inhibitors of actin polymerization which probably re- 
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fleets a requirement for the cytoskeleton in docking and/or fusion of vesicles 
already located at the tube apex. Zygotes of the marine alga Fucus are initially 
apolar following germination and first form then fix an axis of polarity in re- 
sponse to unidirectional light (Kropf, 1997). The polar axis defines the orien- 
tation of the first asymmetrical division which produces two cell types (rhiz- 
oid and thallus) with different fates. Fixation of the polar axis can thus be re- 
garded as the initial step in determining cell fate. Axis fixation is known to re- 
quire the presence of a cell wall (Kropf et al, 1988) and intact actin cytoskele- 
ton (Brawley and Robinson, 1985). A role for targeted secretion in polar axis 
fixation has recently been invoked from experiments using BFA to block se- 
cretion (Shaw and Quatrano, 1996). During polarization, polar secretion of 
sulphated polysaccharide (fucoidin) occurs at the rhizoid pole. Treatment 
with appropriate concentrations of BFA during the period of axis fixation re- 
versibly prevented polar secretion of sulphated fucoidin into the cell wall, ax- 
is fixation and rhizoid growth but did not prevent accumulation at the rhizoid 
pole of actin which also accompanies axis fixation. This suggests that localiza- 
tion of actin at the rhizoid pole alone is not sufficient to account for polar ax- 
is fixation and that asymmetries in the cell wall serve as positional markers for 
polarization. This is in agreement with the observation that cell wall factors 
are required for determination of rhizoid cell fate in two-celled embryos 
(Berger et al., 1994) and supports the hypothesis that these factors are insert- 
ed into the cell wall during establishment of the polar axis. Thus, in addition to 
the role in maintaining cell elongation, exocytosis of specific cell wall compo- 
nents appears to be an early step in establishing polarity and determining cell 
fate. This raises important questions concerning the nature of these secreted 
cell wall components. While these are likely to vary between different cell 
types, a good candidate for such factors in Fucus zygotes maybe the asymmet- 
rically distributed sulphated polysaccharide fucoidin. Recent evidence from 
carrot somatic embryos suggests the involvement of an arabinogalactoprotein 
acting specifically in the walls of cells destined to become somatic embryos 
(McCabe et al., 1997). 

Multifunctional signals 

Polarity and growth 

In eukaryotic cells, resting levels of cytosolic Ca^+ are regulated within a very 
narrow concentration range around 0.1 pM. A feature which appears to be 
common in apically growing plant cells is the establishment of a region of sus- 
tained elevated cytosolic Ca^+, reaching concentrations in the micromolar 
range or higher close to the growing apex. This has been verified in cells as di- 
verse as pollen tubes (Rathore et al., 1991; Miller et al., 1992; Franklin-Tong et 
al., 1997), root hairs (Hermann and Felle, 1995; Felle and Hepler, 1997; Wymer 
et al., 1997), polarizing Fucus zygotes (Berger and Brownlee, 1993) and growing 
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Fucus rhizoids (Brownlee and Wood, 1986; Brownlee and Pulsford, 1988; Tay- 
lor et al,, 1996). The available evidence strongly suggests that this apical Ca^+ 
gradient is essential for polarized growth. Thus, injection of pollen tubes with 
BAPTA-type buffers abolished the Ca^+ gradient and inhibited apical growth 
(Miller et al., 1992; Pierson et al., 1994). Ca^+ buffers have also been shown to 
prevent polarization in Fucus zygotes (Speksnijder et al., 1989) and to abolish 
the apical Ca^+ gradient (Taylor et al., 1996). In pollen tubes the apical Ca^+ 
gradient oscillates in phase with oscillations in growth (Messerli and Robin- 
son, 1997). Peak pulsatile growth rates were shown to correlate with peaks in 
cytosolic Ca^+ at the tube apex. Ca^+ and growth oscillations were, however, 
shown to be out of phase with measurements of Ca^+ influx made with an ex- 
tracellular vibrating Ca"^+ electrode (Holdaway- Clarke et al., 1997). Ca^+ influx 
lagged behind Ca^+ oscillations by several seconds. Two possible models have 
been proposed to account for this, invoking either recharging of intracellular 
Ca^+ stores or external binding sites for Ca^+ in the cell wall (Holdaway-Clarke 
et al, 1997)- Cytosolic Ca^+ has also been proposed to signal growth direction 
in Agapanthus pollen tubes. Treatments which caused asymmetrical eleva- 
tions of Ca^+ in the pollen tube tip caused the tube to change growth direction 
to the side of the tube at which Ca^+ was highest (Malho and Trewavas, 1996). 

Evidence of this kind implicates Ca^+ as having a major role in the regula- 
tion of exocytosis in tip-growing cells. Evidence is also accumulating for a 
more general role for Ca^+ in regulation of exocytosis in plants. Direct mea- 
surement of exocytosis, using patch-clamp measurements of capacitance in 
barley aleurone protoplasts (Zorec and Tester, 1992), maize coleoptiles (Thiel 
et al., 1994) and more recently in maize root cap cells (Carroll et al., 1998), in- 
dicate a clear role for Ca^+ in regulating exocytosis in different cell types. Re- 
cent evidence from barley aleurone protoplasts suggests the occurrence of 
both Ca^^-dependent and Ca^+-independent control of exocytosis (Homann 
and Tester, 1997). maize coleoptile and root cap cells GTP-binding proteins 
also appear to play a regulatory role. So far, there are few data on the kinds of 
proteins involved in the plant cell exocytotic machinery that are regulated by 
Ca^+ and GTP. 

Cell volume control 

Many plant cells experience changes in their external osmotic environment. 
The resulting osmotic water fluxes into and out of the cell result in cell volume 
changes which must be compensated if the cell is to retain turgor (for hyper- 
osmotic changes) or, in the case of hypo-osmotic changes, prevent cell burst- 
ing if turgor pressure exceeds the capacity of the cell wall to resist internal 
pressure. A plant cell can potentially sense osmotic changes by at least two dis- 
tinct mechanisms. Changes in mechanical tension exerted on a membrane can 
potentially be sensed by mechanosensitive receptors. Alternatively the cell 
may sense changes in the osmotic potential of the cell in response to hydration 
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or dehydration of the cytosol. Evidence for both types of mechanism exists in 
plant cells. Candidate mechanosensitive receptors include stretch-activated 
ion channels (S ACs) and there is good evidence from patch-clamp studies that 
these exist on the plasma membrane in plants (Cosgrove and Hedrich, 1991; 
Ding and Pickard, 1993; Taylor et al., 1996). Changes in vacuolar volume could 
also potentially be sensed by SACs residing in the tonoplast membrane. 

In animal cells there is substantial evidence for the role of SACs in detect- 
ing and eliciting responses to cell volume changes, and a regulatory volume 
decrease in response to hypo-osmotic treatments appears to be mediated by 
Ca^+ to varying degrees in different cell types (McCartey and O’Niel, 1992; 
Chen et al., 1996). However, the Ca^+-independent signalling of a regulatory 
cell volume decrease involving protein dephosphorylation had also been ob- 
served (Jennings and Schultz, 1991). There is evidence for the involvement of 
both Ca^+ influx and release from intracellular stores in the generation of os- 
moregulatory Ca^+ signals in different animal systems (Hamaza and Okada, 
1990; Chen et al., 1996; Clemo and Baumgarten, 1997). Thus in rat pituitary 
GH3 cells hypo-osmotic treatment produces a relatively long-lasting elevation 
of Ca^+, accompanied by a regulatory cell volume decrease (Chen et al., 1996). 
Based on the action of inhibitors of SACs and L-type Ca^+ channels a mechan- 
ical sensing mechanism has been proposed based on activation of cation-per- 
meable SACs as sensing elements, leading to an elevation of cytosolic Ca^+ 
which also involves the activity of L-type Ca^+ channels. Evidence also exists 
for the involvement of actin in the activation of ion channels involved in cell 
volume control, based on the action of phalloidin on stretch-activated CL 
channel activity (Schwiebert et al., 1994) and actin-binding protein (Cantiello 
et al., 1993). In human epithelial cells, Ca^+-induced Ca^+ release is also in- 
volved in elevating Ca^+ in response to hypo-osmotic treatment (Hamaza and 
Okada, 1990). 

In plant cells evidence for both mechanical and osmosensing mechanisms 
in cell volume regulation comes from different systems. In the freshwater 
Charophtye alga Nitellay hypo-osmotic treatment induced a transient increase 
in cytosolic Ca^"^ which was required for turgor regulation (Tazawa et al., 1994, 
1995). Vacuolar perfusion experiments suggested that the trigger for the hypo- 
osmotic Ca^+ increase was cytoplasmic hydration rather than a change in tur- 
gor or volume per se. More recently, transient Ca^+ elevations have been shown 
in demembranated cytoplasmic drops from Nitella in response to addition of 
hypotonic solution to the drop in silicone oil (Kikuyama and Tazawa, 1998). 
Though the mechanism for this osmosensing response is not known, these ex- 
periments suggest that generation of the Ca^+ signal does not require Ca^+ in- 
flux and thus is not based on a volume-sensing mechanism in the plasma 
membrane. Further evidence for the existence of an osmosensing mechanism 
in plants comes from the work of Lew (1996) with root hairs of Arabidopsis 
thaliana. In these experiments manipulation of cell turgor pressure using a 
pressure probe electrode was carried out simultaneously with measurements 
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of cell electrical properties. Hypo-osmotic treatment of the cell by changing 
the external perfusion solution induced a depolarization of approximately 
+40 mV. In contrast, directly increasing cell turgor by oil injection into the cell 
does not elicit changes in membrane potential, suggesting that plasma mem- 
brane transport is not affected directly by changing cell turgor. 

In other plant systems and in yeast there is evidence for the direct involve- 
ment of turgor sensing based on mechanical activation of plasma membrane 
ion channels. In yeast, hypo-osmotic shock induces transient elevations of 
Ca^+ (Batiza et al., 1996). The responses to inhibitors of SACs such as Gd 3 + and 
removal of Ca^+ from the external solution suggest that the initial rise in Ca^+ 
is generated from intracellular stores but that sustained elevation of Ca^^ re- 
quires influx through plasma-membrane-located SACs. Zygotes of several 
types of marine brown algae, such as Fucus which grow in the intertidal zone, 
experience regular and dramatic fluctuations in their external osmotic envi- 
ronment ranging from extreme desiccation to exposure to solution of very low 
osmotic potential. Fucus zygotes are able to regulate their turgor and volume 
in response to a wide range of osmotic treatments and generate Ca^+ tran- 
sients in response to hypo-osmotic shock (Taylor et al., 1996). The Ca^+ tran- 
sient produced during hypo-osmotic shock is restricted to the rhizoid cell of 
the two-celled embryo. Moreover, the Ca^+ transient initiates at the rhizoid 
apex and travels as a wave of elevated Ca^^ to sub-apical regions, though its 
progress is restricted to the apical and sub-apical regions of the cell (Fig. 1). 
Current evidence, based on experiments utilizing the quench of the Ca^^ indi- 
cator fura-2 by Mn^+ as a marker of Ca^+ influx, suggests that the Ca^+ transient 
involves Ca^^ influx at the point of initiation at the rhizoid apex and release of 
Ca^^ from intracellular stores as it propagates to more sub-apical regions of 
the cell. The rate of propagation is approximately 5-10 pm s \ comparable to 
the propagation velocities of waves of intracellular Ca^+ release observed in a 
variety of animal systems (Jaffe, 1995). No similar physiologically induced 
Ca^+ waves have yet been found in other plant systems, though a wave of intra- 
cellular release can be induced in Papaver pollen tubes in response to photo- 
release of caged inositol 1,4,5-trisphosphate [Ins(i,4,5)?3]. In this case the wave 
travels towards the growing apex, in the opposite direction to the osmotically 
induced wave in Fucus, While the available evidence suggests a role for SACs 
in the Fucus rhizoid plasma membrane in initiating the Ca^^ elevation, the 
mechanism by which the Ca^+ wave is propagated is not clear. This could in- 
volve the action of phospholipase C and Ins(i,4,5)?3 or Ca^+-induced Ca^+ re- 
lease (CICR). In tobacco cells transformed with the Ca^+-dependent photo- 
protein aequorin, hypo-osmotic shock was accompanied by a transient eleva- 
tion of cytosolic Ca^^. The magnitude of the Ca^+ transient was dependent on 
the size of the hypo-osmotic shock (Takahashi et al., 1995). The transient 
showed biphasic behaviour with a slow, small elevation preceding a larger 
faster transient elevation. Both phases were dependent on the presence of ex- 
tracellular Ca^+ though they had different sensitivity to bafilomycin (a V-type 
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Fig. 1. A Propagation of a Ca^+ wave 
through the apicd and sub-apical rhizoid 
regions of a Fucus zygote following hypo- 
osmotic shock (preincubated for i h in sea 
water + 0.5 M sorbitol and shocked into 
sea water). Rhizoid cells were microinject- 
ed with dextran-conjugated fura-2 and ra- 
tio images of cytosolic Ca^+ were obtained 



with a cooled CCD camera as described in 
Taylor et al. (1996). Transfer to hypo-os- 
motic solution initiated a wave of cytosolic 
Ca^+ which initiated at the rhizoid apex (□) 
and after an initial lag of approximately 
20 s spread rapidly from apical to sub-api- 
cal regions of the rhizoid. The rapid spread 
of the calcium signal is shown in the ac- 
companying animation sequence (B) 



ATPase inhibitor) and K-252a (a protein phosphorylation inhibitor), suggest- 
ing the involvement of different mechanisms for elevating Ca^+. 

Transient elevations of Ca^+ to hypo-osmotic shock have thus been shown 
in a higher plant, two unrelated algal species and in yeast. While further stud- 
ies of other systems are needed, it seems likely that the transient elevation of 
cytosolic Ca^+ may be a general response to hypo-osmotic shock. So far, the 
spatial characteristics of this signal are only elucidated for the Fucus rhizoid, 
and the mechanisms by which the Ca^+ transients are propagated appear to 
differ between different systems. It is still not clear whether osmosensing in- 
volves detection of cell volume changes or a response of intracellular Ca^+ to 
cytoplasmic hydration. 
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Converging and diverging: downstream responses of osmoregulation 
and polarity 

Solute fluxes and membrane cycling 

Early downstream responses to osmotic stimuli include the regulation of ion 
channels which facilitate ion and water fluxes across the plasma membrane, 
regulation of membrane turnover, and, further downstream, regulation of the 
expression of genes involved in osmosensing and regulation. Responses ob- 
servable during or soon after the osmoregulatory Ca^+ signal in Fucus include 
solute loss, indicating the activation of ion efflux channels (Taylor et al., 1996). 
During normal growth the membrane potential of the Fucus embryo is domi- 
nated by a high conductance to K+ (Taylor and Brownlee, 1993) Hypo-osmotic 
treatment causes a transient depolarization (Fig. 3) which is consistent with 
opening of cation-selective channels as described previously (Taylor et al., 
1996) or the activation of channels allowing Cl + efflux. The time course of the 
transient depolarization closely mirrors that of the transient elevation of cy- 
tosolic Ca^+ (Fig. 2). Since the plasma membrane can be considered to have a 
very limited capacity for expansion, increased membrane surface area must 
be accommodated by incorporation of new membrane. Freeze fracture elec- 
tron microscopy studies of Pelvetia zygotes have shown increased exocytotic 
vesicle incorporation into the plasma membrane following hypo-osmotic 
shock (Gilkey and Staehelin, 1989). It was proposed that these vesicles can in- 
crease the number of Cl efflux channels in the plasma membrane, allowing 
increased solute loss. Further evidence for increased plasma membrane turn- 
over in the Fucus rhizoid apex in response to osmotic shock comes from ex- 
periments with the fluorescent membrane probe FMi-43. This probe incorpo- 
rates into and fluorescently labels the plasma membrane (Smith and Betz, 
1996). Fucus zygotes incubated in the presence of FMi-43 showed an immedi- 
ate increase in fluorescence associated with the plasma membrane followed by 
a slow internalization of the dye at the rhizoid apex (Fig. 3). Hypo-osmotic 
treatment (from sea water into 50% sea water) resulted, after an initial lag of 
several seconds, in a dramatic increase in dye internalization at the rhizoid 
apex, a response which we interpret as increased membrane retrieval. The 
time course for increased membrane internalization shows that this occurred 
predominantly after the Ca^+ transient and membrane depolarization and 
corresponded with the regulatory cell volume decrease (Fig. 2). It can thus be 
concluded that increased exocytosis associated with cell swelling is followed 
by increased membrane retrieval as cell volume returns to normal. 

In barley aleurone protoplasts, application of small positive hydrostatic 
pressure via a patch pipette in the whole-cell recording configuration caused 
an increase in cell surface area, monitored as an increase in whole- cell capac- 
itance (Zorec and Tester, 1993). The increase in cell surface area was far great- 
er than that induced by elevated Ca^''' in the same cells by intracellular perfu- 
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Fig. 2. Temporal correlation 
of cell expansion, cytosolic 
Ca*+ transient, membrane 
potential depolarization 
and internalization of the 
membrane dye FMi-43 in 
the Fucus rhizoid apex fol- 
lowing a hypo-osmotic 
shock. Hypo-osmotic shock 
induced a reversible in- 
crease in cell volume last- 
ing approximately 200 s. 
Cytosolic Ca^+ increased 
and membrane potential 
depolarized rapidly and 
transiently following an 
initial lag of several sec- 
onds. Internalization of the 
membrane dye FMi-43 (see 
Fig. 3) occurred more grad- 
u^y and continued during 
the regulatory cell volume 
decrease, recovery of cyto- 
solic Ca^+ levels and repo- 
larization of the membrane 
potential. Cell expansion 
was monitored photometri- 
cally as described in Taylor 
et al. (1996). Cytosolic Ca^+ 
was monitored ratiometric- 
ally with the following mi- 
croinjection of fura-2 dext- 
ran (Taylor et al., 1996). 
Membrane potential was 
recorded with an intracel- 
lular microelectrode (Tay- 
lor and Brownlee, 1993) 




sion of Ca^+ buffer via the patch pipette. The pressure-induced cell surface in- 
crease was rapidly reversible on release of pressure, indicating that mem- 
brane retrieval can occur at a rapid rate. 

MAP kinases, osmosensing and polarity 

Osmotic sensing in yeast involves activation of a mitogen-activated protein 
(MAP) kinase pathway. In yeast the HOG signalling pathway, involving HOGi 
and PBS2 genes (Schuller et al., 1994), has been shown to link responses to os- 
molarity and cell cycle regulation via osmotic-stress-induced activation of a 
MAP kinase homologue by wisi kinase, promoting the onset of mitosis 
(Shiozaki and Russell, 1995). Wisi (a MAP kinase kinase) has also been shown 
to control the synthesis of osmo-inducible proteins such as glycerol-3-phos- 
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Fig. 3. Confocal images of the pattern of in- 
ternalization of the fluorescent membrane 
dye FMi-43 in a growing rhizoid cell of Fu- 
cus serratus. Embryos were incubated in 
1 pM FMi-43 the duration of the exper- 
iment. Hypo-osmotic treatment (from sea 



water to 50% sea water) was given at t=o. 
Little or no dye internalization was ob- 
served for at least 390 s prior to the hypo- 
osmotic shock. However, dye internaliza- 
tion was apparent within 20 s of the shock 
and continued for the duration of the re- 
cording (240 s) 



phate dehydrogenase. Evidence is also accumulating for a role for MAP kinase 
signalling in higher plants, particularly in response to mechanical, osmotic 
and wounding stimuli (Bogre et al., 1996; Machida et al, 1997). A MAP kinase 
homologue from Pisum sativum (PSMAPK) can rescue HOGi mutants under 
conditions of osmotic stress (Popping et al, 1996). A MAP kinase has also 
been implicated in cold and drought signalling in Alfalfa ( Jonak et al, 1996). 

In yeast osmotic sensing pathways and polarity are closely linked and in- 
volve shared signalling components. In budding yeast increased external os- 
molarity involves growth arrest and loss of actin filaments from the bud 
(Brewster and Gustin, 1994). Recovery involves re-establishment of actin at the 
former bud site and resumption of growth. Mutants lacking the MAP kinase 
encoded by HOGi are unable to re-establish actin filaments at the original 
growth site during recovery. Actin filaments and the growth site re-localized 
randomly in the mutants, suggesting that the HOGi pathway has a direct role 
in determining the positioning of the polar axis. Activation of SLT2 (MPKi) 
MAP kinase, which is involved in responses to hypo-osmotic shock, has also 
been shown during polarized cell growth in Saccharomyses cereviseae (Zarzov 
et al., 1996). 

In higher plants we know less about the pathways leading to altered gene 
expression in response to polarizing stimuli. However, during root develop- 
ment, particular epidermal cells to begin polarize and adopt a hair phenotype 
in response to the position and presence of the plant growth regulator ethyl- 
ene (Dolan and Roberts, 1995; Tanimoto et al., 1995). Interestingly the ethylene 
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signal transduction pathway is a two-component pathway (Chang and 
Meyerowitz, 1995; Fluhr, 1998) which shares several common features with the 
yeast HOGi MAP kinase cascade (Posas and Saito, 1998). 

In higher plant embryos an increasing number of genes are now known to 
be directly involved in patterning (Laux and Jurgens, 1997) though so far only 
the gnomlEMBso gene has been shown to have a direct role in apical-basal po- 
larity (Mayer et al., 1993). The product of this gene shows sequence homology 
with the yeast proteins GEA2P and GEAip which are involved in intracellular 
vesicle transport, raising the possibility that GNOM may function in targeted 
exocytosis which has been shown in Fucus to be required for polar axis fixa- 
tion (Shaw and Quatrano, 1996). Different patterns of Ca^+ signal can influence 
gene expression in animal cells (Dolmetsch et al., 1997). While it is clear that 
interactions occur between osmotic Ca^+ signals and gene expression, it is 
much less clear whether the expression of genes involved in polarization is af- 
fected by localized Ca^+ signals associated with polarization. In Fucus zygotes, 
while there is good evidence that Ca^+ signalling is essential for polarization 
and orientation responses (Speksnijder et al., 1989; Robinson, 1996; Love et al., 
1997), there is currently little direct evidence that the apical Ca^+ gradient is di- 
rectly required for determination of cell fate, though it seems reasonable to as- 
sume that targeted exocytosis, which is required for polar axis fixation and 
rhizoid cell fate determination, is controlled by the apical Ca^+ gradient. While 
buffering cytosolic Ca^+ leads to prevention of rhizoid cell formation, it is still 
not clear whether this reflects inhibition of rhizoid cell growth or rhizoid cell 
determination. The restriction of the polarization-associated Ca^+ signal to 
the rhizoid apex means that it is spatially separated from the nucleus and is 
unlikely to affect gene expression directly. However, it is not yet clear whether 
Ca^+ transients and waves in response to osmotic treatments impinge on the 
nucleus. 

Concluding remarks 

The above examples indicate that a variety of different signal-response cou- 
pling pathways share common components at the level of both mobile mes- 
sengers such as Ca^+ and phosphorylation cascades such as MAP kinase cas- 
cades. The answer to the question of how specificity of signalling can be 
achieved under these circumstances lies in more detailed knowledge of the in- 
teractions between different components and the spatial and temporal pat- 
terns of their activation. 
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Abstract. Observations of Lan Bo Chen’s group using a mitochondria-selec- 
tive fluorochrome 5,5’, 6,6’- tetrachloro- i,i’,3,3’- tetraethylbenzimidazolo- 
carbocyanine iodide (JC-i) indicate that mitochondria in situ may have zones 
of different electrochemical potential along their length. This was indicated by 
the formation of J-aggregates of this dye at distinct sites along a single mito- 
chondrion. Also, intensity variations along single mitochondria were found 
with diamino-styryl-pyridinium methiodide (DASPMI), another fluoro- 
chrome that selectively stains mitochondria depending on their electrochem- 
ical potential. DASPMI exchanges easily with the cytoplasm and changes its 
quantum yield when bound to mitochondrial membranes. Therefore, fluores- 
cence intensity is primarily controlled by the membrane environment rather 
than by mass accumulation. Two possible explanations of intramitochondrial 
fluorescence intensity variations have to be discussed: variations in the 
amount of mitochondrial inner membrane per unit of projection area (or 
voxel), and differences in the electrochemical gradient. This problem has been 
approached by comparing fluoro-micrographs of mitochondria in endothelial 
cells stained with either JC-i or DASPMI with electron micrographs of the 
same mitochondria after fixation with glutardialdehyde and osmium tetrox- 
ide and ultrathin sectioning. JC-i red fluorescence (revealing J-aggregate for- 
mation) as well as high-intensity staining with DASPMI correlate roughly 
with the local thickness of mitochondria; no differences in the crista organi- 
zation are revealed for those areas or mitochondria exhibiting red JC-i fluo- 
rescence and those with green fluorescence. The distance between red fluo- 
rescing areas in a single mitochondrion seem to be caused by competition for 
dye molecules placed in between centres of JC-i aggregation. Isolated mito- 
chondria are of uniform small size and spherical shape; therefore, no differ- 
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ences in shape interfere with JC-i staining. Thus JC-i may be an appropriate 
indicator of membrane potential in isolated mitochondria. In living cells mi- 
tochondria often are large and elongated, and thus the situation is not 
straightforward to interpret. However, evidence is provided that there are sub- 
mitochondrial zones, which differ in membrane potential from one adjacent 
area to another, because DASPMI staining of intramitochondrial zones reveals 
differences in fluorescence intensity and preferred photodamage of these ar- 
eas. In some cases separation of the zones of higher membrane potential by 
cristae traversing the whole diameter of a mitochondrion has been observed. 
Local photobleaching of stained mitochondria results in a loss of fluorescence 
along the total length of a mitochondrion. However, this type of bleaching de- 
velops over tens of seconds, not in the very short time range (e.g. ms) expect- 
ed from the discharge of all the membranes if they were electrically coupled. 

Keywords. Cell cultures • DASPMI • Fluorescence • JC-i • Membrane potential 
Mitochondria 

Introduction 

Fluorescent probes have been applied widely as optical indicators of the mem- 
brane potential in several types of cell, isolated organelles and lipid vesicles 
(e.g. Bereiter-Hahn, 1990; Chen, 1988; Petit, 1992; Walsh Kinnally et ah, 1978). 
The technique relies on membrane-potential-dependent partitioning of 
charged lipophilic dye molecules across the membrane. Changes in mem- 
brane potential result in changes in the intensity of dye fluorescence which 
have been termed redistribution signals by Cohen and Salzberg (1978). In 
studies of isolated membranes and organelles, a large range of probes has 
been used for a long time (Walsh Kinnally et al, 1978). However, the evaluation 
of mitochondrial membrane potential in living cells requires the selective 
staining of these organelles by the fluoro chrome, and interference with the 
potential across the plasma membrane may influence these measurements. 
Selective fluorochroming of mitochondria was first reported for rhodamine 
applied to plant cells (Johannes, 1941), and it was re-detected and attributed to 
a specific rhodamine isoform, rhodamine 123 (Rhi23), by Lan Bo Chen’s group 
in 1978 (Johnson et aly 1980). This fluorochrome is widely used now to visual- 
ize mitochondria and evaluate their membrane potential. In 1976, another flu- 
orochrome, dimethyl-aminoystyryl-propidium-methiodide (DASPMI), was 
described (Bereiter-Hahn, 1976) which selectively accumulates in the mito- 
chondria of a variety of cells (Eng et aly 1989; Fuchs et aly 1987; Irion et aly 
1993; Leip et aly 1994; McCormick, 1990). 

In parallel, fluorochromes have been developed to allow detection of respi- 
ratory activity by oxidation-induced fluorescence. Among those, 
dihydrorhodamine (Sobreira et aly 1996) and Mitotracker (Molecular Probes, 
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Eugene, Ore., USA) have become the most important. The achievements in the 
field of mitochondria fluorochromation are summarized by Chen (1989) and 
Bereiter-Hahn (1990). 

One of the most interesting dyes in the series of mitochondria- selective flu- 
orochromes is 5,5’,6,6’-tetrachloro-i,i’,3,3’-tetraethylbenzimidazolo- 
carbocyanine iodide ( JC-i) (Reers et al, 1991; Smiley et a/., 1991). JC-i appears 
in two forms: the }-aggregates, which emit red fluorescence, and the monomo- 
lecular form, which emits green fluorescence. The green fluorescence selec- 
tively marks mitochondria, and the red fluorescence intensity is linearly relat- 
ed to the membrane potential of isolated mitochondria. In some very long mi- 
tochondria a mosaic staining pattern, red fluorescing zones separated by 
green fluorescing spaces, has been detected (Smiley et a/., 1991). This staining 
pattern seems to indicate membrane potential variations along a single mito- 
chondrion. 

Two earlier findings are not consistent with this interpretation: (1) the high 
mobility of charges along membranes (Hackenbrock, 1981) should prevent any 
potential differences along single mitochondria, and (2) the membrane poten- 
tial breaks down along the whole length of a mitochondrion when it is 
permeabilized locally by strong irradiation (Amchenkova et a/., 1988). Both 
these observations assume a low internal resistance along a mitochondrion. 
Whether this low resistance instantaneously dissipates local potential differ- 
ences depends on the equilibrium between local proton transport and proton 
flux along the length of a mitochondrion. Little is known about these parame- 
ters at the level of a single mitochondrion. 

The energy status of mitochondria is also associated with the prevalence of 
certain fine structural details. 

The morphology of mitochondria in situ has been studied under carefully 
controlled metabolic conditions in several cells, including Ehrlich ascites tu- 
mor cells by Hackenbrock et al (1971) and by Koukl et al (1977), bovine adre- 
nal cells (Allmann et a/., 1970 a, b), and cardiomyocytes (Harris et a/., 1965, 
1968, 1969; Koke et a/., 1976), and more recently in amphibian endothelial cells 
(Bereiter-Hahn and Voth, 1983). Most of our knowledge, however, has been 
gained by investigating isolated mitochondria and following their morpho- 
logical reactions by such methods as light scattering and electron microscopy 
(for review see Munn, 1974). 

The correlation of metabolic state with morphological changes has long 
been a matter of discussion (Williams et a/., 1970). Since the early studies of 
Hackenbrock (Hackenbrock, 1968; Hackenbrock et al, 1971) and of Green and 
his group (Allmann et al, 1970a, b; Harris et al, 1965, 1969; Penniston et al, 
1968), it has been agreed that the condensed conformation represents the low- 
energy state and the orthodox conformation the high-energy state. „Low-en- 
ergy state‘‘ corresponds to state 3 respiration (according to Chance and Will- 
iams, 1956) and to mitochondria with inhibited electron transport. „High-en- 
ergy state“ corresponds to state 4 respiration. 
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Further confirmation of this interpretation came from ADP and ATP injec- 
tion studies. Single endothelial cells and single amoebae have been injected 
with ADP or ATP and then the changes of mitochondrial fine structure re- 
vealed using electron microscopy (Bereiter-Hahn and Voth, 1983, 1994; Ord 
and Smith, 1982). In both these species, mitochondria with the „classic“ crista 
pattern and matrix of low electron density (orthodox conformation) were 
found after injection of ATP. An increase of intracellular ADP caused the mi- 
tochondria to „contract“, the matrix to become electron dense, and the cristae 
to turn to a vesicular form through swelling of the intracristal compartment 
(„condensed conformation"). Mitochondria in untreated cells achieved an in- 
ner compartment of intermediate structure. Although the membrane poten- 
tial of these mitochondria has not been measured, a high electrochemical po- 
tential can be assumed for the ATP-treated organelles and a lower electro- 
chemical potential can be attributed to the mitochondria exposed to ADP. 

As a consequence, if pronounced variations in the electrochemical poten- 
tial can occur along mitochondria these should be accompanied by local dif- 
ferences in the appearance of the inner mitochondrial compartment, i.e. dif- 
ferences in the degree of condensation. This principle was used to investigate 
whether JC-i red fluorescence can be correlated to a specific state of mito- 
chondrial inner compartment condensation. In addition, the intensity distri- 
bution of another fluorochrome, DASPMI, which also monitors membrane 
potential, has been related to mitochondrial fine structure. 

Materials and methods 

The experiments were performed using a line of endothelial cells (XTH-2) de- 
rived from Xenopus laevis tadpole hearts (Schlage et aly 1981). These cells can 
be kept at room temperature (approx. 24°C) for the experiments, they are very 
flat and thus allow the observation of single mitochondria by phase-contrast 
and fluorescence microscopy. For the experiments the cells were seeded on 
cover glasses (24 mm diameter) and used at preconfluent density. 

DASPMI staining 

DASPMI (Mol. Wt. 366) was added to the cultures from an aqueous stock solu- 
tion (5x10-4 mol/ 1 ) to the cultures at a final concentration of 5x10'^ mol/ 1 . Ob- 
servation of the living cultures started after 60 min of incubation, and rinsing 
the cultures with DASPMI-free culture medium was done using the filter set 
for fluorescein-isothiocyanate (FITC) on a Leica confocal microscope TCS 
based on the inverted microscope Leica DMB equipped with a loox objective 
lens. Pinholes were opened to maximal size to allow imaging of the whole 
thickness of the thin peripheral cytoplasm within a single scan (to reduce 
bleaching effects of the very sensitive living cells). 
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JC-1 staining 

JC-i was a generous gift from Professor Lan Bo Chen (Boston). It was dis- 
solved in dimethylsulphoxide (DMSO) to make a stock solution (i mg/ml). For 
preparation of the experimental solution this stock solution was diluted 1:100 
with the saline of amphibian culture medium plus 10% fetal calf serum 
(pH 7.6) and stirred at 37°C for 20 min. After filtration of this solution through 
a Millipore filter (0.2 pm pore size), 132 pi was added to 2 ml of culture medi- 
um. Cells were incubated for 10 min at room temperature in this final dye so- 
lution and then observed using the fluorescence filter set for FITC on a Zeiss 
Axiovert inverted microscope, objective lens loox. 

Fixation for electron microscopy 

After observation of the fluorescence the cultures were immediately fixed in 
3% glutaraldehyde (in 0.05 mol /1 phosphate buffer, pH 7.0) for 1 h, then 
postfixed in 1% osmium tetroxide (in water) for 1 h, dehydrated in acetone and 
embedded in epon 812. 

Results 

DASPMI - fluorescence of single mitochondria 

DASPMI is a weak cationic dye which emits constant fluorescence in water at 
a pH exceeding 4.0. On changing the environment from the aqueous phase to 
a lipid phase, the quantum yield increases up to 12-fold. Uptake of this dye in- 
to mitochondria can be recorded immediately because of an immediate in- 
crease in fluorescence intensity. No comparable change in fluorescence occurs 
in suspensions of mitochondria in the presence of rhodamine 6GO. We believe 
that the reason for this different behaviour is where the dye molecules accu- 
mulate in a membrane-potential-dependent manner. DASPMI is thought to 
remain in the inner membrane, a hydrophobic environment, while 
rhodamines accumulate in the matrix space, a hydrophilic environment. 
Therefore, the latter are not subjected to changes in their immediate vicinity 
causing alterations in quantum yield while moving from the cytoplasm into 
mitochondria. The dyes accumulate according to a Nernst distribution and 
may be retained for a long time inside the mitochondria (Van Itallie et al, 
1990). DASPMI rapidly exchanges between the mitochondrial environment 
and the solvent in the test tube, or the cytoplasm in living cells. This interpre- 
tation is supported by the fact that DASPMI has a high affinity for hydropho- 
bic environments (at 10 pmol/l the partition coefficient between water and 
chloroform is 1:62). The net positive charge of the dye is one factor responsi- 
ble for its preferred targeting to mitochondrial membranes. 
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The relationship between energization of mitochondria and DASPMI fluo- 
rescence has been determined in mitochondrial suspensions (Bereiter-Hahn, 
1976), in living cells (Bereiter-Hahn et aly 1983) and in the beating heart (Fuchs 
et aly 1987; Thiirich et aly 1998). A direct relationship with the mitochondrial 
membrane potential according to the Nernst equation exists. This has been 
shown by varying the K+ distribution potential in mitochondrial suspensions 
treated with nigericin. 

For large numbers of mitochondria, their fluorescence corresponds to their 
membrane potential if related to the total mass of mitochondrial protein. But, 
what about the fluorescence intensity of single mitochondria and the fluores- 
cence distribution along a single mitochondrion? In living cells the size of sin- 
gle mitochondria varies considerably (e.g. Bereiter-Hahn, 1990) and intensity 
modulations are observed along single mitochondria (Bereiter-Hahn and 
Voth, 1996); for example, see Fig. 1. The total fluorescence emitted from a sin- 
gle mitochondrion under a given metabolic condition depends on its size. 

For the explanation of variations in intramitochondrial fluorescence inten- 
sity, two factors must be discussed. First, the intensity variations reveal varia- 
tions in the amount of mitochondrial inner membranes per unit area (or 
voxel), and second the intensity variations monitor differences in the electro- 
chemical gradient. 

The rough positive correlation between mitochondrial thickness and fluo- 
rescence intensity is indicative of variation in inner membrane mass per unit 
area (Fig. 1). Comparison of the fine structure of single mitochondria as re- 
vealed by electron microscopy and fluorescence intensity distribution over the 
same mitochondrion was used to see whether crista distribution and fluores- 
cence intensity correlate with each other. Examples are given in Figs. 2-5. 

Pseudocolor coding shows that the highest relative fluorescence intensities 
occur in the central parts of the filamentous mitochondria, and, as a first ap- 
proximation, intensity seems to be related to thickness (compare ends of mi- 
tochondria 1, 2, 6, 15 in Fig. 1). Such a relationship also exists in rounded mito- 
chondria; greatest brightness is observed in the large mitochondria numbers 



Fig. 1. Mitochondria stained with diamino -sty ryl- 
pyridinium methiodide (DASPMI) in the periphery of a 
living XTH-2 cell. Pseudocolouring reveals differences in 
fluorescence intensity. Numbers mark some of the mito- 
chondria that have been revealed by electron microscopy 
and are shown in Figs. 2-5. Bar: 10 pm 
Figs. 2-5. Comparison of the vital appearance of single mi- 
tochondria after staining with DASPMI (pseudocoloured 
images) with corresponding electron micrographs. The 
shapes of the mitochondria in the fluorescence images and 
in the electron micrographs may differ from each other, 
because of shape changes taking place in the time interval 
(up to 30 s) between acquisition of the fluorescence image 
and stabilization of structure by fixation. Mitochondria 
are associated with microtubules and endoplasmic reticu- 
lum, as can be seen in most electron micrographs 
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21 and 4, the equally sized mitochondria 12 and 13 exhibit exactly the same flu- 
orescence while the small ones emit less fluorescence (numbers 8, 9, 11, 14). 
However, the projection area of mitochondrion 8 equals that of 17 but the flu- 
orescence differs significantly. A major problem in relating thickness to fluo- 
rescence intensity is that a circular cross-section of the organelles can be as- 
sumed only for thin parts of a mitochondrion; in the thicker areas the or- 
ganelles become flattened because of the very small thickness of the cyto- 
plasm in this region (0.5-1.5 pm). On the other hand, this cell architecture is a 
prerequisite for correlative microscopy comparing the fluorescence of the liv- 
ing cell with its fine structural details as revealed by electron microscopy. 

Crista density does not necessarily correlate with fluorescence intensity 

Mitochondrion 10 is almost devoid of cristae (Fig. 3b), the neighbour number 
9 contains more and fluoresces less, although both are almost identical in size. 
Brightly fluorescing mitochondria 4 and 21 (Fig. 1), and the smaller but bright 
pair 12 and 13 contain cristae at a normal density (electron micrographs not 
shown). Numerous mitochondria with a speckled fluorescence distribution 
appear electron translucent in the corresponding electron micrographs (e.g. 
mitochondria 5 and 6 in Fig. 2; 16, 19 and 20 in Fig. 4; 18 in Fig. 1; 22-28 in Fig. 3; 
31 in Fig. 5). Certainly, these crista-free, translucent zones are artefacts caused 
by photodamage due to the illumination of the mitochondria with the light for 
fluorescence excitation. However, the fact that photodamage is a localized 
event points to the limitations of diffusion inside mitochondria. The dye be- 
came more concentrated in certain areas and thus more free radicals were re- 
leased by irradiation. Some of these speckled areas are separated from each 
other by cristae crossing the whole width of the organelle (arrows in numbers 
1 and 5 in Fig. 2; 28 in Fig. 3; 31 in Fig. 5). Mitochondrial areas that are almost 
devoid of cristae regularly occur along the tapering ends of very long mito- 
chondria; numbers 15 (Fig. 2) and 30 (Fig. 5) are examples of this type of orga- 
nization. Also in these zones brighter fluorescing spots correspond to elec- 
tron-translucent areas (i.e. mitochondrion 15 in Fig. 2). In most cases the 
translucent, damaged areas appear swollen. The local restriction of swelling is 
a further argument for submitochondrial compartmentation. No correlation 
of this type of compartmentation with the distribution of mitochondrial nu- 
cleoids (see Bereiter-Hahn and Voth, 1996) was found (results not shown). 

JC-1 fluorescence of single mitochondria 

Staining of mitochondria in living XTH-2 cells with the dye JC-i results in a 
green staining of whole mitochondria and, in addition, some parts of a mito- 
chondrion may appear red, if the fluorescence is excited with blue light 
(450-490 nm) (Smiley et ah, 1991). This red fluorescence was shown to be lin- 
early related to the membrane potential of mitochondria in suspension (Reers 
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Fig. 2. The fluorescence im- 
age did not show the two 
mitochondria i and 7 sepa- 
rately. Two of the limited 
areas with brighter fluores- 
cence are marked by a red 
X in the electron micro- 
graph of mitochondrion 1. 
The arrowheads next to mi- 
tochondria 1 and 5 point to 
cristae traversing the whole 
width of the mitochondria. 
The very thin part of mito- 
chondrion 15 contains very 
few cristae only 



Fig. 3. Group of mitochon- 
dria with numerous elec- 
tron-translucent areas cor- 
responding to zones of 
bright fluorescence in the 
pseudocolour images. Two 
consecutive sections of mi- 
tochondrion 27a are shown 
(for further details see text) 



Fig. 4. Electron-translucent 
areas in these mitochondria 
corresponding to zones of 
bright fluorescence in the 
pseudocolour images are 
marked by red X’s. Number 
20 has slightly changed its 
position between fluores- 
cence image acquisition 
and fixation. Number 16 is 
shown at two consecutive 
sections which have been 
properly aligned 
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Fig. 5. Further example of 
colocalization of brighter 
areas of fluorescence and 
electron-translucent zones 
{red X’s), and some cristae 
traversing the whole width 
of a mitochondrion {arrow- 
heads) 




et al, 1991, 1995). The mosaic pattern of mitochondrial staining may indicate 
local membrane potential differences along a single organelle. Therefore, we 
compared the fluorescence pattern of single mitochondria stained while they 
were alive with their fine structure as revealed from electron micrographs of 
thin sections after fixation with glutardialdehyde and osmium tetroxide. The 
observations for six mitochondria are shown in Figs. 6-8. Those areas of mi- 
tochondria that contain a large mass of cristae appear red (e.g. head of mito- 
chondrion number 1 in Fig. 6, number 2 and both ends of 3 in Fig. 7, numbers 
4 and 6 in Fig. 8). This is most obvious in the dumbbell-shaped mitochondri- 
on 6: the two ends fluoresce red, and in phase-contrast they appear darker 
than the rest of the mitochondrion. The thick head region of mitochondrion 1 
(Fig. 6) fluoresces red strongly, the „nose‘‘ does not, although it contains cris- 
tae that are indistinguishable in shape, swelling degree and matrix density 
from the head region. Again, the red fluorescing end of the tail does not differ 
in structure, but more crista profiles appear in this region than along the rest 
of the tail. Mitochondria 5 and 6 do not differ in their fine structure (Fig. 8), 
but only number 6 exhibits red fluorescence. 
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Figs. 6-8. Comparison of the vital appear- 
ance of single mitochondria after staining 
with JC-i with corresponding electron mi- 
crographs. All mitochondria fluoresce 
green (not shown), red fluorescence is 
shown in the insets in the phase-contrast 
micrographs. The shape of mitochondria 



in the phase-contrast microscopy image 
may deviate from that in the electron mi- 
crographs because of the mitochondria’s 
abilities to change shape very quickly. 
Numbers mark some of the mitochondria 
which have been retrieved by electron mi- 
croscopy and are shown in Figs. 6-8. Bar. 
1 jim 



Fig. 6. Mitochondrion 
number i consists of a thick 
head region and a long and 
thin tail region. The elec- 
tron micrographs show two 
subsequent sections 
through this mitochondri- 
on. The head region and 
the distal tail region con- 
tain many cristae and a 
dense matrix whilst the 
thin region connecting the 
elongated tail part to flie 
head contains very few in- 
ner membranes only. Thus 
red fluorescence (inset in 
the phase-contrast image) 
is found in the thick head 
and the thickened tail end. 
The middle part of the tail 
region is devoid of red fluo- 
rescence 




Bleaching of mitochondrial fluorescence 

If mitochondria should manage to organize zones with different membrane 
potential, local injury caused by a small area of fluoro chrome bleaching 
should not spread along the whole mitochondrion. Such an experiment was 
designed first by Skulachev and his group (Amchenkova et al, 1988). We re- 
peated this experiment using elongated mitochondria in living endothelial 
cells (XTH-2 cells). Some mitochondria, fluorochromed with DASPMI, were 
irradiated with a laser beam (X=4SS nm) crossing the long axis of the mito- 
chondrion at a diffraction-limited line (width approx. 0.3 pm). Immediately 
after the bleaching pulse (approx. 2-5 s later) a picture of the whole field was 
taken. The mitochondria crossing the bleaching line (shown in Fig. 9b) be- 
came totally decolorized, whilst the fluorescence of other mitochondria in 
their immediate vicinity did not change (Fig. 9). If the mitochondria was pre- 
stained with Mitotracker, a fluorochrome developing its fluorescence on mi- 
tochondria-mediated reduction, loss of fluorescence also occurred, but it re- 
covered after a few minutes left in the presence of Mitotracker. These experi- 
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Fig. 7. The thick mitochon- 
drion number 2 and the 
thicker ends of mitochon- 
drion number 3 fluoresce 
red, whilst the thinner cen- 
tre of the bent mitochon- 
drion, number 3, does not 
exhibit red fluorescence, al- 
though it does not differ in 
the local arrangement, ma- 
trix density and density of 
cristae 
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ments argue for a generalized release of dye molecules and of membrane po- 
tential as well, through small localized injuries, and do not support the idea of 
patterned membrane potential. The recovery of the Mitotracker fluorescence 
shows that the bleached mitochondria retain the ability for electron transport; 
however, their electrochemical coupling is impaired because DASPMI fluores- 
cence does not recover over the next 15 min. 

Discussion 

The fluorescence intensity of mitochondria stained with fluorochromes de- 
pends on the amount of dye accumulated per unit volume and on the quan- 
tum yield of the dye molecules. In two-dimensional images fluorescence does 
not reveal unequivocally the dye concentration (mass of dye per unit volume), 
but rather the mass of dye per unit area, if we assume a constant quantum 
yield inside mitochondria. Therefore, the fluorescence emitted by fluoro- 
chromes that become situated in the crista membrane should be related to the 
density of cristae inthe projection area. Thus, organelle thickness and crista 
density have to be considered the main factors that determine local fluores- 
cence intensity. A rough correlation between organelle density and fluores- 
cence distribution exists. For the endothelial cells under investigation this cor- 
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Fig. 8, Three mitochondria (4-6). Number 5 does not fluo- 
resce red although its fine structure equals that of number 
6. Number 4 is a bit thicker and has a dense matrix and 
high crista density. However in both 4 and 6, red fluores- 
cence is found at the opposite ends and not in the con- 
necting middle part. This middle part in 6 does not differ 
from the ends, as is shown by the series of three subse- 
quent sections through this mitochondrion (pictures at 
the bottom of the figure) 




relation cannot be established exactly, because the cross-section of a mito- 
chondrion is not known and cannot be determined with sufficient accuracy 
(the z-resolution of confocal laser scanning microscopy does not allow exact 
measurement of the thickness in the range 0.4-1 pm). Only in the case of very 
thin mitochondria can a circular cross-section be assumed. However, the elec- 
tron micrographs show clearly that no alterations in crista density are found 
in zones exhibiting red J-Ci fluorescence. The very distinct staining pattern 
with J-Ci along some mitochondria was interpreted as a mosaic pattern of 
membrane potential distribution (Smiley et al, 1991). This pattern is not par- 
alleled by any localized differences in crista development. The thickness of the 
mitochondria, i.e. mass of mitochondrial membranes per unit area, may be 
one of the main factors controlling the transient }-Ci red fluorescence. On the 
other hand, the fluorescence of the potential-sensitive dye DASPMI also varies 
along single mitochondria. In isolated mitochondria DASPMI fluorescence 
follows the Nernst distribution, as revealed by K+ distribution in nigericin- 
permeabilized mitochondria. Also this fluorescence, in general, is related to 
the local thickness of the organelles. However, intensity changes are also 
found along organelles with almost constant thickness, as was shown for J-Ci 
by Chen and co-workers (Smiley et a/., 1991). These local intensity changes 
may become displaced along a single mitochondrion, they may appear and 
disappear (Bereiter-Hahn and Voth, 1996). These observations again point to 
the possibility of membrane potential variations inside a single mitochondri- 
on. The potential differences between two adjacent areas in a single mitochon- 
drion have been estimated according to the Nernst distribution at up to 15 mV. 
Most probably these small variations in potential do not cause visible mor- 
phological alterations of the cristae. 

Contrary to the rhodamines, DASPMI seems to accumulate in the crista 
membrane rather than the matrix. It easily partitions from the aqueous medi- 
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Fig. 9a-c. Confocal laser scanning microscopic images of 
DASPMI-stained mitochondria in a living XTH2-cell. a Be- 
fore; b immediately after the laser irradiation along the 
line indicated; c lOO s after irradiation. Some of the mito- 
chondria have been numbered; they stopped fluorescing 
along their whole length, whilst some mitochondria in 
their immediate vicinity remained fluorescing (arrow- 
heads). As a consequence of the laser irradiation required 
for taking the pictures a general decrease of fluorescence 
and total bleaching of some mitochondria may occur (ar- 
row). Bar. 10 pm 




um into a hydrohobic environment and through this considerably increases 
its quantum yield. This increase, together with the membrane-potential-driv- 
en uptake of the dye, is assumed to explain the selectivity of DASPMI fluores- 
cence for mitochondria in living cells. Accumulation in the cristae rather than 
the matrix renders the membranes more sensitive to photodamage. 

Local variations of membrane potential inside single mitochondria require 
restricted diffusion of protons along the organelles. The experiments with lo- 
cal photobleaching and the high motility of mitochondria (extensive shape 
changes) argue against such a restricted intramitochondrial diffusion. How- 
ever, the disappearance of cristae on illumination of DASPMI-stained mito- 
chondria just in those areas of particularly high fluorescence are a strong ar- 
gument for high local dye concentrations and, thus, restricted diffusion of the 
molecules. In unstained mitochondria areas devoid of cristae are never ob- 
served (see for example Bereiter-Hahn and Voth, 1983). The phototoxic effect 
may also induce some local swelling and thus further indicates the existence 
of subcompartments along mitochondria. Separation of such subcompartme- 
nts could be reached by cristae traversing through the whole width of an or- 
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ganelle (e.g. arrows in Figs. 2 and 3, mitochondrion 20 in Fig. 4). These obser- 
vations can be interpreted as an indication of local variations in membrane 
potential along a single mitochondrion revealed by staining with DASPMI. 

The generalized bleaching along the full length of a mitochondrion by a lo- 
calized strong bleaching pulse shows that permeabilization at a single site may 
discharge the membrane potential along the total length of a large mitochon- 
drion. Also, dye molecules accumulated in the matrix that do not depend on 
the mitochondrial membrane potential (in the case of Mitotracker) can be re- 
leased within a few seconds. This experiment does not exclude the possibility 
of the development of local membrane potential variations, because: 

1. The bleaching proceeds slowly along some mitochondria (Fig. 9). 

2. The net membrane potential results from the steady-state conditions of 

respiration-driven proton efflux and re-flux through the ATP-synthase. 

In case these transmembrane transport mechanisms are faster than lateral 
diffusion in the membrane or along the mitochondrion in the matrix, local 
differences in the steady-state conditions can be supposed to occur. Whether 
these reflect differences in local energy demand in the cytoplasm remains to 
be investigated. 

For the distribution of the JC-i red fluorescence the situation may be simi- 
lar in so far as J-aggregate formation starts at sites with the highest local JC-i 
concentration. Accmnulation of the dye requires actively respiring cristae, and 
where these have a relatively high density or they develop a higher local mem- 
brane potential, the uptake into the matrix may be faster than in other areas. 
Thus, in thick zones of mitochondria containing many cristae, the critical con- 
centration for J-aggregation may be reached more quickly than in thinner ar- 
eas with a smaller cristae mass, where the dye diffusion balances that of accu- 
mulation. Sites of developing J-aggregates may trap dye molecules from their 
vicinity and thus a regular pattern of red and green fluorescence may appear 
(Smiley et al, 1991). This interpretation is in accord with the observation that 
the red fluorescence pattern in living cells is very unstable with time. Because 
of its transient character, this type of fluorescence does not seem to be a reli- 
able indicator of mitochondrial membrane potential in situ. For isolated mito- 
chondria the situation is different, insofar as these mitochondria no longer 
maintain their elongated and highly variable shape. Due to the isolation pro- 
cedure these mitochondria are spherical and of similar size; thus, in isolated 
mitochondria formation of J-aggregation may be an excellent indicator of the 
membrane potential. 
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